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In 1870, John Tyndall demonstrated that light can follow a specific path by using internal 
reflection. This is the first concept that fiber can be used to guide the light. As the 
development of fiber, glass fiber is proposed. However, the losses of these fibers are too 
large to transmit signals over long distance fibers. Later, in 1960s, Charles Kao and his 
co-workers demonstrated that the high-loss of fiber comes from impurities in the glass, 
not the glass itself. From this concept, using fiber as a telecommunication medium has 
been realized. Optical fiber has a lot of applications; and the two main applications are 
optical fiber communication and fiber optic sensors.  
However, there are still many problems to be solved in these two main 
applications. For optical fiber communication system, there are a lot of effects that can 
affect the system performance, such as the chromatic dispersion (CD), polarization mode 
dispersion (PMD), optical signal noise ratio (OSNR) and other nonlinear effects. In order 
to improve the performance, many techniques are proposed to monitor and measure these 
effects. Taking CD monitoring as an example, there are radio frequency power fading 
method, additional pilot tone method, delay-tap sampling plots method and others. For 
the fiber optic sensor system, there are also a lot of problems to be solved. Take the gas 
and oil pipeline leakage monitoring sensor as an example; it should be long distance, high 
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robustness and low cost. In this thesis, several advanced measurement techniques in 
optical fiber communication and fiber optic sensor systems are introduced.  
Firstly, pulse train generation and measurement techniques are introduced. Q-
switched single wall nanotubes (SWNTs) fiber laser with low insertion loss is firstly 
demonstrated in this thesis. As we know, a saturable absorber is the key component of 
passive Q-switched laser to generate the pulse trains. These saturable absorbers are 
normally semiconductor saturable absorber and crystal saturable absorber, which is not 
friendly using to fabricate all-fiber lasers. Later, in 2008, SWNTs is firstly used to 
generate a tunable wavelength mode-locked fiber laser; and it is published on Nature 
Nanotechnology. Nowadays, SWNTs are widely used to generate ultra-short pulse width 
mode-locked lasers. But Q-switched SWNTs all-fiber lasers have never been 
demonstrated before. In this thesis, we firstly reduce the SWNTs insertion loss from 3 dB 
to 0.7 dB. Then we introduce three different SWNTs based Q-switched fiber lasers. They 
are C+L band tunable wavelength SWNTs all-fiber ring laser, tunable wavelength tunable 
repetition rate linear cavity SWNTs fiber laser and tunable repetition rate FBG linear 
cavity SWNTs fiber laser.  
After introducing the pulse generation based on SWNTs, a low power 
autocorrelator is proposed based on degree of polarization (DOP) measurement. Firstly, 
the chirp factor and mismatching angle is studied in simulation. It is found that the pulse 
widths almost have the linear relationship with the chirp factors, which means our 
method can be used to measure the chirp factor if the original pulse width is known. And 
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the small effects of mismatching angle on pulse width measurements prove the high 
misalignment tolerance of the system. Compared with the traditional second harmonic 
generation (SHG) autocorrelator, which requires very rigid alignment and high laser 
power, this method can measure -60 dBm power pulse train with shorter time. The 
sensitivity of our method has been increased to 10-20 W2, compared with the SHG 
autocorrelator 10-7 W2. 
After introducing the pulse width measurement, the measurement techniques in 
fiber optic sensor system are introduced. As we know, there are many problems in the 
fiber optic sensor system, such as the measurement length, cost and robustness. In this 
thesis, a simple and cost effective method is proposed to solve the measurement length 
issue of the FBG sensor systems. A novel 150-km multi-point long distance FBG 
temperature and vibration fiber sensing system is demonstrated based on Raman 
amplification. In addition to a Raman laser at 1395 nm and a laser at 1480 nm, the 150-
km long distance system is constructed only by passive optical components, such as the 
coupler, SMF and EDF. It is an all fiber long distance temperature and vibration sensor 
system without any electrical components along the 150-km fiber. The accuracy of this 
temperature sensor is about 1 oC; and the vibration measurement range is from 1 Hz to 
1000 Hz.  
After introducing the measurement techniques in fiber optic sensor systems, 
measurement techniques in optical communication system is also introduced, especially 
in chromatic dispersion (CD) monitoring. There are many CD monitoring techniques, 
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such as the radio frequency power fading method, additional pilot tone method and delay-
tap sampling plots method. In this thesis, in the specific techniques of CD monitoring, a 
low bandwidth receiver delay-tap sampling method is demonstrated and proved to have 
better performance than the high cost high bandwidth receiver delay-tap sampling method. 
Firstly, both the low bandwidth and high bandwidth balanced receiver are compared to 
demodulate the 50-Gbit/s RZ-QPSK signals and generate delay-tap sampling plots. It is 
proved that the low cost low bandwidth balanced receiver has increased the CD 
measurement range and the sensitivity in small CD range. Then we also find that one 
single low bandwidth photo-detector can achieve the same performance as balanced 
receiver. It is obvious that a single low bandwidth photo-detector is more welcomed for 
its low cost and simplicity. After comparing the simulation and experiment results, the 
consistent between them proves that our proposed low bandwidth receiver method has 
not only provided larger measurement range and sensitivity, but also reduced the cost of 
the system. 
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As we know, Daniel Colladon and Jacques Babinet firstly demonstrated the concept of 
fiber in 1840s. 12 years later, John Tyndall demonstrated it in his public lectures in 
London. In 1960s, Charles Kuen Kao (The 2009 Nobel Prize winner in Physics) 
published that the high loss of existing fiber arose from the impurities in the glass, rather 
than from the technology itself. Charles Kuen Kao and his coworkers did their pioneering 
work to make the realization of using fiber as a telecommunications medium. Due to the 
evolution of fiber fabrication, the loss of fiber has been reduced to 0.2 dB/km. This big 
improvement changes our world greatly in last 30 years. Because of this invention, our 
world is becoming a truly global village after implementing optic fiber in optical 
communication systems. These telecommunication links between the countries provide 
us low price, high speed and high bandwidth Internet. It supports all the global business, 
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finance, market, and communication.  
In parallel with the application of optical fiber communication, optical fiber has 
another main application, fiber optic sensors.  They cover a lot of sensor areas, such as 
the rotation, acceleration, electric and magnetic field measurement, temperature, pressure, 
acoustics, vibration, linear and angular position, strain, humidity, viscosity, chemical 
measurements and so on. They can replace many traditional sensors and provides better 
quality and performance at the same time. All these good performances come from the 
inherent advantages of the optical fiber, which includes (1) lightweight and small size, (2) 
passive, (3) low power, (4) resistant ability to electromagnetic interference, (5) high 
sensitivity, (6) large bandwidth and (7) environmental ruggedness.  
Moreover, a lot of useful components associated with optical fiber communication 
are demonstrated for fiber optic sensor applications. Fiber optic sensor technologies, in 
turn, are driven by the development and subsequent mass production of components to 
support optical communication. In the specific area of measurement technology of optical 
fiber sensor and communication systems, great demands are needed in the market. For 
example, in optical communication systems, a lot of parameters should be measured and 
monitored, such as power, loss, dispersion, bit-error rate (BER), signal-noise-ratio (SNR) 
and so on. Measurement of these parameters is required to provide feedback to the system 
and sustain a stable and high quality performance. In addition, in the optical sensor 
system, lots of parameters are also needed to be measured in the application areas, such 
as temperature, strain, rotation, humidity, vibration and so on. 
In this chapter, backgrounds of these advanced measurement techniques are 
introduced. Firstly, pulsed laser techniques and pulse measurement techniques are 
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discussed in section 1.1. The optical fiber sensor techniques, especially the fiber Bragg 
grating sensors, are reviewed in section 1.2. The performance monitoring techniques in 
optical communication system, especially the chromatic dispersion is introduced in 
section 1.3. The outline and objective of this thesis are presented in section 1.4. 
1.1 Pulse generation and measurement techniques 
As we know, laser can be generated if three conditions are satisfied: gain medium, cavity 
and population conversion. If pulsed laser is given, two parameters are commonly used to 
characterize them. The first one is the average output power: 
Pave =Epulse*Rrepetition                                                           (1.1) 
The second one is the peak power, which may be approximated as follows: 
Ppeak  Epulset                                                                  (1.2) 
where Epulse is the energy per pulse, is the FWHM of the pulse. 
As we know, there are several approaches to pulsing lasers [1]: 
1. Pulse the excitation itself, such as using modulators.  
2. Mode locking. 
3. Q-switching. 
Compared to the mode-locking methods of generating pulsed laser, Q-switched 
method is relatively simple. The pulse generated Q-switched method typically has larger 
than 1 ns pulse width. However, it has several advantages: 
a. Cost effective 
b. Easy to implement 
t
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c. Efficient in extracting energy stored in upper laser level. 
In this thesis, several Q-switched fiber laser systems are proposed by using SWNTs, 
which will be illustrated in chapter 2.  
1.1.1 Pulse train generation using SWNTs as saturable absorber 
Saturable absorber is an optical component, whose loss can decrease at high optical 
intensities. For example, in a medium with absorbing dopants ions, this situation occurs 
when a strong optical intensity leads to depletion of the ground state of these ions. In 
semiconductor, the excitation of electrons from the valence band into the conduction 
band reduces the absorption for photon energies just above the band gap energy. These 
saturable absorbers are the key component to generate mode-locked and Q-switched 
lasers. Because of the simplicity and cost efficiencies of all-fiber lasers, simple and low 
cost saturable absorbers attract significant attentions. Before the introduction of single 
walled Nanotubes (SWNTs), semiconductor saturable absorber mirrors (SESAMs) are 
widely used [2, 3]. But they are expensive and complex to construct in the laser setup. 
After the introduction of SWNTs, they are often used in the system to achieve ultra-short 
pulsed lasers, such as the first tunable wavelength SWNTs mode-locking fiber lasers [4]. 
However, SWNTs have rarely been used to generate Q-switched pulse trains. Recently, a 
simple Q-switched fiber laser with SWNTs is demonstrated [5].  
1.1.2 Pulse measurement techniques 
As we know, the short pulse width measurement is a big issue. For the Q-switched pulse 
trains that normally have larger than 1 ns pulse width, the photodiodes and oscilloscopes 
can measure the pulse width of these pulse trains. How can we measure the pulse trains 
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with picoseconds and femtoseconds pulse width? Because photodiodes and oscilloscopes 
can only response at the order of 200 femtoseconds, they cannot be used to measure ultra-
short pulses. Pulse measurement techniques are coming out to be an extremely useful tool 
for high-data-rate and ultra-fast optics laboratory on measuring the optical short pulse’s 
temporal width. And it is widely used to measure the temporal pulse width of a high-bit-
rate data pulse. In optics, various autocorrelation functions can be experimentally realized, 
such as field autocorrelation, interferometric autocorrelation and intensity autocorrelation 
[6]. The field autocorrelation normally be used to calculate the spectrum of a light source. 
The intensity autocorrelation and the interferometric autocorrelation are commonly used 
to estimate the duration of ultra-short pulses. In summary, recent pulse measurement 
techniques can be separated into the following aspects [7-10]: 
 Intensity autocorrelation. It can estimate the pulse width if the pulse shape is 
known. Although it can only measure the pulse width, it is widely used in pulse 
measurement.  
 Spectral interferometry (SI). It is a linear technique that can be used when a pre-
characterized reference pulse is available. Compared with the intensity 
autocorrelation method, it can measure both intensity and phase.  
 Spectral phase interferometry for direct electric-field reconstruction (SPIDER). It 
is a nonlinear self-referencing technique based on spectral shearing interferometry. 
It has the same working principle as spectral interferometry, except that the 
reference pulse is a spectrally shifted replica of itself. As a result, it can obtain the 
spectral intensity and phase of the probe.  
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 Frequency-resolved optical gating (FROG). It is a nonlinear technique that can 
measure the intensity and phase of a pulse. It just a spectrally resolved 
autocorrelation. The algorithm that extracts the intensity and phase from a FROG 
trace is iterative. 
In all these pulse measurement techniques, conventional intensity autocorrelator is 
widely used. Moreover, several commercial products based on intensity autocorrelator 
are already on the market, such as the products of FEMTOCHROME. The working 
principle of it will be illustrated in detail in the next section.  
For a complex electrical field that is defined as E(t), its intensity is I(t) = |E(t)|2. 
The intensity autocorrelation function of this field is defined as: 
A( ) I(t)I(t  )
 dt                                        (1.3) 
The intensity autocorrelator is based on this principle to generate the autocorrelation 
function of the pulse and then estimate the pulse width. 
The setup of intensity autocorrelator is shown in Fig. 1.1. Optical pulses are 
separated into two parallel beams by a beam splitter, while a rotating mirror induced a 
variable time delay on one of them [11]. Then these two beams are combined and focused 
into a second-harmonic-generation crystal to obtain a signal whose electrical field is 
proportional to (E(t) + E(t − τ))2. Only the beam propagating on the optical axis, which is 
proportional to the cross-product E(t)E(t − τ), is retained. This signal is received and 
recorded by a slow detector, which measures 
I A ( )  E(t)E(t  )
 2dt  I(t)I(t  ) dt                        (1.4) 
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IA(τ) is exactly the intensity autocorrelation. 
    
Fig. 1.1 The setup of intensity autocorrelator. 
 
It can be shown that the intensity autocorrelation width of a pulse is related to the 
intensity width. For a Gaussian time profile, the autocorrelation width is 2 times the 
width of the intensity, and it is 1.54 time in the case of a hyperbolic secant squared (sech2) 
pulse. This numerical factor depends on the shape of the pulse. If this factor is known, or 
assumed, the time duration (intensity width) of a pulse can be measured using an intensity 
autocorrelation. 
1.1.3 Limitation of conventional second-harmonic generation 
autocorrelator 
The second-harmonic generation (SHG) autocorrelator is widely used to measure the 
optical pulse width. The SHG autocorrelator can obtain the pulse width from the trace of 
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the autocorrelation by changing the delay time. However, because the second harmonic 
generation in the crystals is a nonlinear process, the pulses to be measured should have 
high peak power to activate this nonlinear effect. Moreover, another difficulty of this 
method is that both beams must be focused at the same point inside the crystal as the 
delay is scanned in order for the second harmonic to be generated. In other words, the 
power and fine adjustment requirement limit the application of conventional SHG 
autocorrelator. It is not a good method of measuring the pulse train with a low optical 
power (< 0 dBm). S. Yang, et al. have proposed an ultra-short pulse autocorrelation 
measurement method which can achieve a measurement ability of 400 photon per pulse 
[12], while it requires special periodically poled lithium niobate waveguides. In chapter 2, 
we introduced a new method based on degree of polarization measurement, which can 
measure the pulse trains with power as low as -60 dBm. 
1.2 Review of optical fiber sensors 
In addition to the pulse measurement techniques, fiber optic sensors are also hot research 
topics. Compared to conventional sensors, they are immune to electromagnetic 
interference (EMI). This advantage promotes the application in harsh environment, such 
as the oil & gas monitoring. They are also lightweight, small size, high sensitivity, large 
bandwidth, and ease in signal light transmission. The physical effect in fiber, such as 
Rayleigh scattering, Brillouin scattering and Raman scattering, can be used as the 
fundamental theory of measurement techniques. Because these physical effects are 
affected by at least one of external environment parameter, such as temperature, strain, 
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vibration, humidity and refractive index, these parameters can be measured if the changes 
of physical effects have been captured.   
By analyzing the distribution of papers presented at the 15th Optical Fiber 
Sensors (OFS) Conference [13], the most highly discussed measurands are strain and 
temperature, which is the same as in reference [14]. Fiber-grating sensors are the most 
widely studied topic as summarized in the 15th Optical Fiber Sensors (OFS) Conference 
as the technologies involved in Fig. 1.3. In section 1.2.1, the most popular topic in optical 
fiber sensors, fiber grating sensor technology, is reviewed. In section 1.2.2, the specific 




Fig. 1.2 Distribution of OFS-15 papers according to measurands [13]. 
 
 






































1.2.1 Fiber Bragg grating sensor system 
Although the formations of fiber gratings have been reported in 1978 [15], intensive 
study on fiber gratings began after a controllable, and effective method for their 
fabrication was devised in 1989 [16]. Fiber gratings have been applied to add/drop filters, 
amplifier gain flattening filters, dispersion compensators, and fiber lasers and so on for 
optical communications [17]. Extensive studies have been performed on fiber grating 
sensors and some of which have now reached commercialization stages.  
Fig. 1.4 shows several types of fiber gratings. For a fiber Bragg grating (FBG), it 
couples forward propagating core mode to the backward propagating core mode when the 
wavelength satisfies phase matching conditions, as shown in Fig. 1.4 (a). In other words, 
the wavelength that matched phase matching condition of the FBG will be reflected back. 
These FBG have been widely used as filter and sensors. For a long-period fiber grating 
(LPG), it couples the forward propagating core mode light to one or a few of the forward 
propagating cladding modes, as shown in Fig. 1.4 (b). For a chirped fiber grating, it has a 
wider reflection spectrum and each wavelength component is reflected at different 
positions as shown in Fig. 1.4 (c), which results in a delay time difference for different 
reflected wavelengths. For a tilted fiber grating, as shown in Fig. 1.4 (d), it couples the 
forward propagating core mode to the backward propagating core mode and a backward 
propagating cladding mode. All these types of gratings have been utilized in various 
types of fiber grating sensors and wavelength change interrogators. Among them, 
however, FBGs are the most widely used as sensor heads. 
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Fig. 1.4 Types of fiber gratings: (a) fiber Bragg grating, (b) long-period fiber grating, (c) 
chirped fiber grating, (d) tilted fiber grating. 
 
In FBGs, the Bragg wavelength λB, or the wavelength of the light that is reflected, 
is given by 
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λB= 2neffΛ                                                       (1.5) 
where neff is the effective refractive index of the fiber core and Λ is the grating period. In 
Eq. (1.5) it can be seen that Bragg wavelength changes according to the change of grating 
period and effective refractive index. The change of grating period is normally the case 
for strain, while the change of refractive index is normally the case for temperature 
variation. The grating period can also be changed with temperature variation, but at room 
temperature the effect of temperature on refractive index is about one order of magnitude 
larger than that of thermal expansion (or contraction). The typical response of Bragg 
wavelength shift to strain is ~0.64 pm/με (με = microstrain) near the Bragg wavelength of 
830 nm, ~1 pm/με near 1300 nm, and ~1.2 pm/με near 1550 nm [18]. The unit of strain is 
ε. It is a relative concept, that is, if a 1-m long fiber is elongated by 1 μm, the strain is 1 
μm/1 m = 1 με. The typical temperature response is ~6.8 pm/ ◦C near 830 nm, ~10 pm/ 
◦C near 1300 nm, and ~13 pm/◦C near 1550 nm [18], although the values depend on FBG 
types [19]. This wavelength-encoded measurand information is a unique characteristic of 
FBGs. In addition to the common advantages of fiber sensors, this wavelength-encoded 
characteristic provides robustness to noise and power fluctuation and also enables 
wavelength-division multiplexing (WDM). Hence multi-point sensors can be realized 
using this technique. Sometimes WDM is combined with spatial division multiplexing 
(SDM), time division multiplexing (TDM) and code division multiple access (CDMA) 
techniques. However, it must be admitted that multi-point FBG sensors are not fully 
distributed sensors as backscattering sensors or optical time-domain reflectometers 
(OTDRs) because physical parameters can only be measured at the FBG positions.  
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Demodulators or interrogators are also required for FBG sensors. Their roles are 
to extract measurand information from the light signals to the signals that can be easily 
measured. The measurand is typically encoded in the form of a Bragg wavelength change, 
and hence, the interrogators are typically expected to read the wavelength shift and 
provide measurand data. Optical spectrum analyzers are normally used in the laboratory, 
but are not suitable for real commercial sensor systems because they are expensive and 
their wavelength scanning speed is very slow. Various techniques have been developed 
for the interrogators [20]. Some are quite simple but are limited in measurement 
resolution, dynamic range or multiplexing, and some are complicated and provide better 
resolution but are more expensive or need stabilization. Not all of them are appropriate 
for commercialized systems. The demodulation method of using matching filter is a good 
option to realize the commercialized system. And this method will be introduced to 
measure vibration in chapter 4. 
1.2.2 Long distance FBG sensor system 
As a specific area of FBG sensor, long distance FBG sensor system supporting more than 
100-km measurement lengths will be useful in some critical situations, such as the 
monitoring of tsunami from land. Before introducing the long distance FBG sensor 
techniques, we may need to illustrate the motivation and problems when we propose the 
long distance FBG sensors. As far as we know, due to the noise and loss induced by the 
Rayleigh scattering and attenuation along the fiber respectively, the maximum 
transmission distance with a broadband light source is limited to 25 km [21]. We cannot 
just propagate a broadband light source into a single mode fiber to get the long distance 
fiber sensor, due to the loss and attenuation in the fiber. Firstly, the power of the 
 15
broadband light source is not high enough to transmit hundreds of kilometers. Secondly, 
even though the power of the broadband light source is relatively high, the loss of the 
hundreds kilometers fiber is too high to use it measure directly. Moreover, the single 
mode fiber would become a laser cavity when the pump power is increased to a critical 
value. The question is how we can increase the pump power to make the signal transmit 
to the longer distance without introducing lasing effect, and still detect the reflected light.  
In order to increase the transmission distance of broadband light source and 
achieve a long-distance remote sensor system, several approaches have been proposed 
[22-29]. In chapter 3, we propose a new improved system with measurement distance up 
to 150 km by using only two lasers at the wavelength of 1395 nm and 1480 nm. 
1.3 Performance monitoring in optical communication 
system 
In addition to the fiber optic sensor measurement techniques, the measure and monitoring 
techniques in optical communication system are also introduced in this thesis. As we 
know, for a robust and cost-effective automated operation of optical networks, they 
should have the following abilities. Firstly, they can intelligently monitor the physical 
state of the network as well as the quality of propagating data signals. Secondly, they can 
automatically diagnose and repair the network. Thirdly, they can allocate resources and 
redirect traffic. To achieve these, optical performance monitoring should have very 
intelligent ability to isolate the specific cause and location of the problem.  
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As the introduction of 40-Gbit/s or higher bit-rate transmission links, it increases 
the great impact on data channels due to fiber impairments, such as chromatic dispersion 
(CD), polarization mode dispersion (PMD) and nonlinearities. Performance monitoring is 
a potential method to help maintain these channel operation as the growth of high-
performance optical networks. At the same time, network management is facing a lot of 
new challenges due to the increase of high spectral efficiencies, narrow channel spacing, 
long transmission distances, high bit rates, and transparent switching. Even the basic 
changes, such as temperature changes, component aging, and plant maintenance, will 
have effects on the physical properties. Moreover, as the increases of transmission 
distance and the usage of more complex components, optical monitoring becomes more 
difficult. And the main monitoring parameters in the optical communication system are 
CD, PMD, nonlinearities and optical signal-to-noise ratio (OSNR). In this thesis, CD 
monitoring techniques will be introduced in detail.  
As we know, different electromagnetic frequencies travel at different speeds. This 
is the essence of CD. The group velocities in fiber of a single monochromatic wavelength 
are constant. However, data modulation causes a broadening of the spectrum of even the 
most monochromatic laser pulse. Thus, all modulated data have a nonzero spectral width 
and the different spectral components of the modulated data travel at different speeds. In 
particular, for digital data intensity modulated on an optical carrier, CD leads to pulse 
broadening which limits the maximum data rate that can be transmitted through optical 
fiber. The units of CD are (ps/nm)/km; thus, shorter time pulses, wider frequency spread 
due to data modulation, and longer fiber lengths will contribute to temporal dispersion. 
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The data rate and the modulation format can significantly affect the sensitivity of 
a system to CD. For a given system, a pulse will disperse more in time for a wider 
frequency distribution of the light and for a longer length of fiber. Higher data rates 
inherently have shorter pulses and wider frequency spreads. As network speed increases, 
the impact of CD rises precipitously as the square of the increase in data rate. Therefore, 
CD is one of the main impairments that limit the performance of optical fiber systems. 
For robust high-bit-rate systems, it is essential that dispersion be compensated to within 
tight tolerances. In almost all 40-Gbit/s systems, highly accurate dispersion management 
must be implemented, potentially requiring tunable dispersion compensators that are 
accompanied by dynamic monitoring of the accumulated CD. 
Many schemes for residual CD monitoring have been proposed and demonstrated 
[30-60]. Most of them need to add additional monitoring components into the 
transmission system, such as RF modulated ASE noise, pilot tone or optical frequency 
modulated (FM) signal onto the distributed feedback (DFB) laser [30–32]. However, 
additional pilot tone, ASE noise or optical FM signal will degrade the system 
performance. In addition, any change to the transmitter will increase the cost and 
complexity of the system and thus is not practical for upgrading from current commercial 
communication systems. Recently, a CD monitoring scheme was proposed by comparing 
the phase of recovered clock of I and Q channel signals of a DQPSK signal [33]. No 
additional monitoring signal needs to be added to the transmitter. However, clock 
recovery and high-speed phase comparator are required, which results in the increased 
system complexity and cost. Asynchronous sampling method, such as amplitude 
histogram based on overall power statistics distribution, can avoid the clock recovery [34], 
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and thus is inherently low cost. However, since different impairments can cause similar 
degradation in amplitude histogram, it is difficult to distinguish them [35]. Recently, 
delay tap asynchronous sampling has been proposed for multi-parameter monitoring [35-
38], and even applied to commercial WDM system [37]. Delay tap sampling can resolve 
the power evolution within each bit, providing a direct measurement of waveform 
distortion without clock extraction [35–38, 59-60]. This method uses a delay tap line at 
receiver so that a pair of data could be obtained during one sampling process. As the data 
pair is obtained from the waveform of demodulated signal, they can reflect the pulse 
shape information. In this thesis, the delay tap sampling methods are mainly introduced 
as CD monitoring techniques. More details are shown in chapter 5. 
1.4 Focus and structure of the thesis 
In this thesis, several advanced measurement techniques in optical communication and 
fiber sensor systems are introduced, especially in pulse generation and measurement, long 
distance FBG sensor system and CD monitoring based on delay-tap sampling method. In 
chapter 2, the Q-switched pulse generation based on SWNTs fiber laser is proposed and 
introduced. Several fiber laser schemes by using SWNTs as saturable absorbable are 
proposed to generate tunable wavelength and tunable repetition rate fiber laser. In chapter 
3, we propose a low-power autocorrelator based on degree of polarization measurement. 
It can measure the pulse train with power as low as -60 dBm, compared with the high 
power requirement of the conventional SHG autocorrelator. In chapter 4, a multi-point 
150-km long distance temperature and vibration sensor systems are demonstrated. The 
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150-km sensor system is obtained by splicing the SMF and EDF together, and using a 
Raman laser at 1395 nm and a low power laser at 1480 nm. It is an all fiber long distance 
sensor system without any electrical components along this 150-km fiber. In chapter 5, a 
CD monitoring method based on low bandwidth receiver delay-tap sampling method is 
demonstrated. Balanced receiver with low pass filter and single low bandwidth receiver 
are used to compare with the traditional delay-tap sampling methods that use high 
bandwidth receiver. The consistent between simulation and experiment results prove that 
our proposed method not only provide larger measurement range, but also reduce the cost 






Pulse Generation based on Carbon 
Nano-tube fiber laser 
 
As we know, there are two main pulse generation method, mode-locked laser and Q-
switched laser, including actively Q-switched method and passively Q-switched method. 
In this thesis, we only focus on the passively Q-switched fiber lasers. Before the 
introduction of single-wall Nano-tube (SWNTs), other saturable absorbers (SAs), such as 
the transition metal-doped crystals [61-64] and semiconductor quantum-well structures 
[65, 66] are used to generate the Q-switched lasers. These systems based on 
semiconductor saturable absorbers, however, are complicated and not easy to fabricate. 
Compared to the other saturable absorbers (SAs), SWNTs have a lot of advantages, such 
as good compatibility with optical fibers, low saturation intensity, sub-picoseconds 
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recovery time and wide operating bandwidth.  
When using SWNTs in optical fiber laser, the key technique is how to assemble 
them into the optical fiber based devices. Several techniques have been proposed, such as 
inserting the SWNTs between two optical fiber connectors [65, 66], depositing the 
SWNTs onto the tapered fibers [67] or D-shaped fibers [68], and directly synthesizing the 
SWNTs onto quartz substrates [69]. The insertion loss in CNT-SAs fabrication setups is a 
big problem. Normally this insertion is 3 dB, which greatly decreases the efficiency of 
the laser output. In this chapter, we have introduced a new method that has successfully 
reduced this insertion loss to 0.7 dB.  
In addition to the high insertion loss of the SWNTs, another truth is that a lot of 
mode-locked fiber laser systems have been proposed based on SWNTs. But nearly 
nobody has demonstrated the Q-switched fiber laser based on SWNTs, although Q-
switched fiber laser is also a hot topic to generate pulsed lasers [70-74]. In this chapter, 
we demonstrated three different systems to generate Q-switched fiber lasers. Two of them 
are tunable wavelength Q-switched fiber laser. Another one is the short linear FBG cavity 
Q-switched fiber laser.  
2.1 Background and methods  
2.1.1 Working principle of Q-switched laser system 
Q-switching is achieved by putting some type of variable attenuator inside the laser’s 
optical resonator. When the attenuator is functioning, light that leaves the gain medium 
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does not return, and lasing cannot begin. This attenuation inside the cavity corresponds to 
a decrease in the Q factor or quality factor of the optical resonator. A high Q factor 
corresponds to low resonator losses per round trip, and vice versa. The variable attenuator 
is commonly called a “Q-switch”, when used for this purpose. Initially the laser medium 
is pumped while the Q-switch is set to prevent feedback of light into the gain medium 
(producing an optical resonator with low Q), as shown at the beginning of Fig. 2.1 (a). 
This produces a population inversion, but laser operation cannot yet occur since there is 
no feedback from the resonator. Since the rate of stimulated emission is dependent on the 
amount of light entering the medium, the amount of energy stored in the gain medium 
increases as the medium is pumped. Due to losses from spontaneous emission and other 
processes, after a certain time the stored energy will reach some maximum level; the 
medium is said to be gain saturated. At this point, the Q-switch device is quickly changed 
from low to high Q, as the high loss drop point shown in Fig. 2.1 (a), allowing feedback 
and the process of optical amplification by stimulated emission to begin. Because of the 
large amount of energy already stored in the gain medium, the intensity of light in the 
laser resonator builds up very quickly; this also causes the energy stored in the medium to 
be depleted almost as quickly. The net result is a short pulse of light output from the laser, 




Fig. 2.1 (a) Q-switching operation principle, (b) Actively Q-switched setup, (c) Passively 
Q-switched setup. 
 
There are two main types of Q-switching: active Q-switching and passive Q-
switching.  The most common type of Q-switched laser is the actively Q-switched solid-
state bulk laser. The laser resonator contains an active Q-switch model, which is normally 
an acousto-optic modulator. Different wavelengths active Q-switched lasers use different 
crystals as the gain media. For example, for wavelength in 1-um region, a neodymium-
doped laser crystal such as Nd:YAG, Nd:YVQ4, or Nd:YLF. Longer emission 
wavelengths are often based on erbium doped gain media such as Er:YAG for 1.65 or 
2.94 um.  
In contrast, a passively Q-switched laser contains a saturable absorber instead of 
modulator. For continuous pumping, a regular pulse train is obtained, where the timing of 
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the pulses usually cannot be precisely controlled with external methods, and the pulse 
repetition rate increases with increasing pump power. For example, there are some types 
of saturable absorber crystals for some wavelengths and semiconductor saturable 
absorber mirrors (SESAMs) for various operation wavelengths. Generally, passively Q-
switched lasers are more limited in average output power than actively Q-switched lasers, 
since saturable absorbers dissipate some of the energy. In this thesis, passively Q-
switched laser is mainly introduced; and a new material called SWNTs is used as the 
saturable absorber.  
2.1.2 Fabricating single-wall nanotube saturable 
absorber with low insertion loss 
The setup for depositing SWNTs on optical fiber end-faces is shown in Fig. 2.2. A 
homogeneous solution of nanotubes is prepared by mixing about 0.5 mg SWNTs 
(diameter of 1-2 nm) in 10 ml ethanol with 99.5% purity and cleaned by ultrasonic for 20 
min. The optical fiber end is prepared by removing the coating and cleaving. Then it is 
placed into the nanotubes solution. Optical radiation from a 980 nm or an amplified 1550 
nm laser diode with low output power (about 5 mw) is propagated through the fiber 
through the optical driven deposition method [75], as shown in Fig. 2.2. This optical 
radiation is kept on for a few seconds to several minutes. More nanotubes will be 
attached on the fiber end if longer time radiation is done. By using this method, the fiber 
end in the nanotubes solution will be fulfilled with nanotubes.  
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Fig. 2.2 Setup for depositing carbon nanotubes on the ends of cleaved optical fibers using 
optical radiation [75]. Forces due to optical radiation are also shown. 
 
However, the challenge is to connect these CNT-SAs into the laser system with 
low insertion loss. Several techniques have been proposed to fabricate the optical fiber 
based CNT-SAs [45-49]. However, they have relatively high insertion loss (more than 
3dB), which will greatly decrease the laser output efficiency. 
 
Fig. 2.3 Using mechanical connector to fabricate low insertion loss SWNTs in the 
system. 
 
A method that uses mechanical connector (Fujikura product) is proposed by us to 
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achieve 0.7-dB insertion loss. As shown in Fig. 2.3, a mechanical connector is used to 
encapsulate the two fiber ends together. One end is the fiber deposited with the SWNTs 
and the other fiber end is a cleaved SMF. In order to reduce the insertion loss, refractive 
index matching gel is also used to fill the gap between the single mode fiber and the 
holey fiber deposited with CNTs. The insertion loss of the CNT-SAs can be reduced to 
0.7 dB by the above method. Compared to the typical insertion loss of the CNT-SAs 
reported earlier, which all have more than 3-dB loss, our method makes a great 
improvement. And relatively high laser output efficiency will be obtained by using this 
low insertion loss CNT-SAs. In the following sections, four fiber laser setups that use the 
above low insertion loss CNT-SAs are introduced in detail. 
2.2 Tunable wavelength CNT-SAs Q-switched fiber ring 
laser 
 
Fig. 2.4 Experiment setup of the wideband-tunable fiber laser. 
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Fig. 2.4 shows the system setup of a low threshold tunable wavelength SWNTs Q-
switched fiber ring laser. The single wall CNT (diameter of 1–2 nm) is deposited on the 
fiber end surface with the optically driven method, introduced in previous section. The 
EDF is pumped by a 1480-nm laser diode via a 1480/1550 nm wavelength-division 
multiplexer (WDM) coupler. In order to get wideband (C+L band) amplified spontaneous 
emission (ASE), a 34-m long single mode EDF with 5~10-dB/m peak absorption range at 
1530 nm is used as the gain medium. Two isolators (ISO1 and ISO2) are employed to 
avoid backward reflection of the light. In addition, polarization controller (PC) is utilized 
to tune the polarization state of light in the laser cavity. Two optical circulators (OC1 and 
OC2) are used to produce a periodic spatial-hole-burning (SHB) effect to reduce self-
mode-locking effect on Q-switching. The output of this ring laser cavity is extracted 
through the 10% port of a 10/90 coupler. And the whole fiber ring laser cavity length is 
52.6 meters.  
 




Due to the limitation of the experimental condition, a C-band tunable F-P filter 
with 0.5-nm 3-dB bandwidth and an L-band tunable F-P filter with 2-nm 3-dB bandwidth 
are used to achieve this C+L band tunable Q-switched laser. The outputs of this ring 
cavity Q-switched laser with C band filter and L band filter are shown in Fig 2.4 (a) and 
(b), respectively. Amplitude modulation at the top of each switched pulse envelope can be 
observed in Fig. 2.5, which is mainly due to the self-mode-locking effect in the laser 
cavity. And it will have an obvious reduction to the pulse if a normal ring cavity is used 
without the spatial hole burning induced by the two circulators. 
At the beginning of Q-switching, the output spectrum of the laser has a sideband 
structure as shown in Fig. 2.6. Fig. 2.7 shows the repetition rate of the Q-switched pulses 
and the average output power as a function of the pump power at 1570 nm. The output 
power and repetition rate increase with the enlargement of pump power. Under the same 
pump power, the pulse repetition rate difference is less than 3 kHz when the 0.5-nm or 2-




Fig. 2.6 Spectra output at 1570 nm under different pump powers with (a) 0.5-nm 
bandwidth filter (b) 2-nm bandwidth filter 
 
 
Fig. 2.7 Output power and pulse repetition rate as a function of pump power at 1570 nm 
with (a) 0.5-nm bandwidth filter (b) 2-nm bandwidth filter 
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The minimum pulse duration of the train is about 15 µs, which is attributed to the 
long laser cavity length (52.6 meters). It may be improved by using shorter highly doped 
EDF and shorter signal mode fiber in the system. The range of pump power that can 
generate stable Q-switched fiber laser is also studied. For example, when the fiber laser is 
at a wavelength of 1570 nm, the pump power should be in the range of 12.8-40.95 mW to 
achieve stable Q-switched mode. The maximum power of the laser output is 2.418 mW 
when the filter bandwidth is 2 nm; while it is 1.377 mW when filter bandwidth is 0.5 nm.  
 
Fig. 2.8 Laser output spectra at different wavelengths under pump power of 35.94 mW. 
 
Fig. 2.8 shows the Q-switched output spectra with wide tunable wavelength from 
1537.288 nm to 1605.186 nm at a pump power of 35.94 mW. The flatness in the wide 
wavelength range (from 1537.288 nm to 1565.27 nm) is smaller than 2 dB in C-band; 
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while it is smaller than 3 dB in L-band. The wavelength tunable range is also affected by 
the VOA in the laser cavity. The measured pulse output power and repetition rate under 
different wavelengths are shown in Fig. 2.9. In the range of 1535.885~1566.026 nm, the 
pulse output power increases with the wavelength while the pulse repetition rate 
decreases accordingly. The fluctuation of the pulse repetition rate within the tunable 
wavelength range is smaller than 3 kHz. Under a given pump power, the pulses with the 
same repetition rate can be achieved at different wavelengths by tuning the attenuation in 
the cavity. 
 
Fig. 2.9 Pulse output power and repetition rate under different wavelengths. 
2.3 Tunable wavelength, tunable repetition rate linear 
cavity CNT-SAs Q-switched fiber laser  
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2.3.1 Experimental setup of the linear cavity fiber laser 
 
Fig. 2.10 Experiment setup of low-threshold linear cavity tunable erbium-doped fiber 
laser. 
 
As shown in Fig. 2.10, a low threshold linear cavity tunable Q-switched fiber laser is 
demonstrated. A 50-cm high concentration EDF (120-dB/m peak absorption at 1530 nm) 
is used as the gain medium. And a 1480-nm laser diode is used to pump this high-doped 
EDF via a WDM coupler. An optical circulator (OC) and an FBG are used as the end 
mirrors of the linear cavity. The port-to-port loss of the OC is about 0.5 dB. The FBG has 
0.19-nm 3-dB bandwidth, 1545.03-nm central wavelength and 93% reflectivity. The EDF 
is backward pumped to improve the saturation efficiency of the EDF. The overall length 
of this linear cavity is about 4.88 meters. The laser output is analyzed using a wideband 
high-speed photo-detector, an optical power meter and an oscilloscope. 
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2.3.2 Experimental results and discussions 
 
Fig. 2.11 Output spectra of the fiber laser at different pump powers. 
 
 
Fig. 2.12 Pulse trains in time domain under the pump powers of (a) 18.57 mW and (b) 
118.8 mW. 
The output spectra of the fiber laser under different pump powers are shown in Fig. 2.11. 
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The pump power threshold of this linear cavity fiber laser to generate Q-switched pulse 
train is 18.57 mW. A distinct chirp is observed in the peak wavelength range of the laser 
output spectrum when the pump power is below 23.45 mW, shown in Fig. 2.12 (a). When 
the pump power is larger than 29.47 mW, the chirp is small, because the lasing mode is 
now dominated by Q-switched mode. The typical pulse outputs in time domain under 
pump powers of (a) 18.57 mW and (b) 118.83 mW are shown in Fig. 2.12. The minimum 
pulse train width is 700 ns, with an average output power of 0.96 mW. By using shorter 
laser cavity length, the pulse duration may be reduced further. 
The pulse repetition rate and the average output power as functions of pump 
power in this linear cavity Q-switched fiber laser are shown in Fig. 2.13. As the 
enlargement of the pump power, both the pulse repetition rate and average output power 
increase. By increasing the pump power from 18.57 mw to 118.8 mW, the pulse-
repetition-rate can be changed from 8.12 to 72.2 kHz. The pulse energy is also found to 
grow monotonically with the increase of the pump power, which is caused by the longer 
inter-pulse period of the Q-switched laser (in the order of µs), compared with the 
recovery time of CNT-SA (in the order of ps). The maximum pulse energy is measured to 
be 13.3 nJ when the pump power is 118.8 mW. The pulse energy can be improved by 
further increasing the pump power. However, this may damage the SWNTs. Alternatively, 




Fig. 2.13 Pulse repetition rate and average output power as functions of the pump power. 
 
 
Fig. 2.14 Laser output spectra at different wavelengths under a pump power of 45.01 
mW. 
The tunable wavelength fiber laser is achieved by continuously tuning the central 
wavelength of the FBG. In the experiment, a wavelength tunable range of 1545.04-
1549.99 nm is obtained by applying axial strain on the FBG with a pump power of 45.01 
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mW, as shown in Fig. 2.14. The tunable range is also able to extend by using wider 
wavelength tunable FBG. The measured laser output power and pulse-repetition-rate at 
different wavelengths are shown in Fig. 2.15. When the pump power is 45.01 mW, 
average output power and pulse repetition rate of this linear cavity Q-switched fiber laser 
is 248.1 uW and 36.5 kHz with the maximum deviations of 29.1 uW and 0.8 kHz, 
respectively. Compared with the pulse width and pulse repetition rate in [4], the 
minimum pulse duration is shortened 10 times and the pulse repetition rate is increased 
about 4.5 times.  Moreover, there is almost no self-mode-locking effect in Q-switched 
operation; while the self-mode-locking effect in [4] greatly decreased the performance of 
the Q-switched operation. 
 
Fig. 2.15 Laser output power and pulse-repetition-rate under different wavelengths. 
2.4 Tunable repetition-rate FBG linear cavity CNT-SAs 
Q-switched fiber laser 
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2.4.1 110-cm length FBG linear cavity fiber laser setup 
 
 
Fig. 2.16 110-cm length FBG linear cavity fiber laser setup. 
 
As shown in Fig. 2.16, the experiment setup of this tunable repetition rate fiber laser is 
demonstrated. A 1480-nm laser is used as the pump laser of the system via a WDM 
coupler. The laser cavity is constructed by two FBGs, which serve as the end mirrors. 
FBG1 and FBG2 have 94% reflectivity, 0.19-nm 3-dB bandwidth and 1534.11-nm central 
wavelengths. In order to achieve relatively short length cavity, a 50-cm high 
concentration EDF (120-dB/m peak absorption at 1530 nm) is used as the gain medium. 
And the overall length of the cavity is about 110 cm.  
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2.4.2 Experimental results and discussions 
 
Fig. 2.17 Output spectrum under difference pump powers. 
 
 
Fig. 2.18 Pulse train under pump powers (a) 29.85 mW and (b) 76.82 mW. 
 
Fig. 2.17 shows the measured output spectrum under different pump powers. Q-switched 
lasing threshold is 29.85 mW. Moreover, a weak amplitude modulation on each pulse 
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envelop is also observed, as shown in Fig. 2.18 (a). 
 
Fig. 2.19 Pulse train under pump powers (a) 120.7 mW and (b) 152.3 mW 
 
When the pump power is larger than 37.04 mw, the chirp disappears. At high 
pump power situation, the weak modulation on each Q-switched pulse train envelope is 
small, as shown in Fig. 2.18 (b), because the lasing mode is dominated by the Q-switched 
mode at this moment. Fig. 2.19 shows the typical pulse outputs in time domain when the 
pump power is as large as 120.7 mW and 152.3 mW. As shown in Fig. 2.19 (b) and Fig. 
2.20, the minimum pulse width is 330 ns with an average power of 1.038 mW is achieved 
by 152.3 mW pump power. 
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Fig. 2.20 Measured pulse width under pump powers of 152.3 mW 
 
Fig. 2.21 Measured pulse duration under different pump powers 
 
The relationship between the pulse duration and the pump power is also measured, 
as shown in Fig. 2.21. The pulse duration decreases as the increase of pump power. Fig. 
2.22 shows the repetition rate of Q-switched pulses and the average output power as 
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functions of pump power. As the increase of pump power, repetition rate and average 
output power grow accordingly. The long inter-pulse period of Q-switched laser is at µs 
order; while the CNT-SA’s recovery time is at picoseconds order. The time interval 
between Q-switched laser pulses is also larger than CNT-SA’s recovery time. In this 
condition, pulse repetition rate will increase with volumetric pump rate, which is 
proportional to continued wave (CW) pump power [76-77]. A tunable repetition rate 
range from 14.5 kHz to 141.4 kHz is achieved by tuning pump power from 29.85 mw to 
152.3 mW. The pulse energy is also found grow accordingly with increase of pump 




Fig. 2.22 Pulse repetition rate and average output power as functions of pump power. 
2.5 Comparison  
By summarizing all the parameters of these SWNTs Q-switched fiber lasers, Table 1 is 
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obtained. From all these experiment results, we can make the following conclusions.  
In order to increase the peak power, there are several methods. 
1. The pump power should be increased. That is because higher energy is stored in 
the gain medium at higher pump power.  
2. The length of the fiber should be optimized. That is because the pump absorption 
increases with the increase of fiber length. However, the absorption of 
spontaneous emissions also increases proportionally to the length of the fiber. 
Therefore for a given pump power, there exist an optimal length of the fiber 
where the loss is minimized and allow the extraction of high peak power from the 
fiber laser. 
3. The repetition rate should be decreased. At low repetition rate, the pump has 
enough time between the pulses to completely build up the gain in the cavity. 
Operating at a low repetition rate can generate high peak power lasing pulses.  
The following action should be done to reduce the pulse time duration. 
1. The pump power should be increased. By increasing the pump power, the optical 
gain in the erbium doped fiber increases. This increase reduces the establishing 
time of the pulse and then decreases the pulse durations. 
2. The fiber length should be reduced. The pulse time duration of Q-switched fiber 
laser is a function of the length of the cavity. For a short cavity length, the 
homogenization of the pump photon distribution increases and makes pulse-
establishing time in different position of active medium the same. In this case, the 
pulses time durations are reduced. 
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Table 1. Comparison between three different setups. 
Method  Method1  Method2  Method3  
Description  Ring laser (52.6m) 
Linear cavity 
(4.88 m)  
FBG linear cavity 
(110-cm ) 
Wavelength  
1537.288 nm – 
1605.186 nm  
1545.04 nm-
1549.99 nm  
Fixed  
Threshold  12.5 mW  18.57 mW  29.85 mW  
Minimum pulse 
width  
15 us  700ns  330 ns  
Repetition rate  
8 kHz – 
28 kHz  
8.12 kHz –  
72.2 kHz  
14.5 kHz – 
141.4 kHz  
Average power 0.2 mW-2.8 mW 
29.1 uW –  
900 uW  
10 uW-  






Pulse measurement based on degree of 
polarization (DOP) autocorrelation 
method 
 
After generating the pulse train, they should be measured by equipments. For the pulse 
train with nanoseconds range pulse width, as the Q-switched lasers described in the last 
chapter, oscilloscope can be used to measure their pulse width. However, oscilloscope 
cannot be used to measure shorter pulse width, such as the picoseconds and femtosecond 
pulse width. These are due to the response time limitation of the photodiodes, which have 
at best of the order of 200 femtoseconds. This is why autocorrelator becomes an 
extremely useful tool for high-data-rate and ultra-fast optics laboratory on measuring the 
optical temporal width of short pulses. Normally, conventional second-harmonic 
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generation (SHG) autocorrelator are widely used. However, this method requires a high 
input power to activate the SHG; while the alignment of the free-space optical 
components also must be well adjusted. Two-photon absorption in semiconductor has 
received a lot of attention as an alternative method for autocorrelation [78]. However, the 
sensitivity of this autocorrelator is still not good enough to measure pulse train with very 
low optical power, such as -60 dBm. S. Yang, et al has proposed an ultra-short pulse 
autocorrelation measurement method which can achieve measurement ability of 400 
photons per pulse, while it requires the use of special aperiodically poled lithium niobate 
waveguides [12].  
Previously, a simple fiber-based autocorrelation technique using DOP 
measurement is demonstrated [79]. However, the resolution is not high enough to 
measure pulse trains with shorter pulse width. Moreover, the polarization misalignment 
of input pulse and chirp effects of the pulse are not considered. Now, a new system is 
proposed and the resolution of the system has been increased to 0.01 ps, which can 
measure the pulse trains with shorter pulse width. It is demonstrated that an optical pulses 
with power of -60 dBm still can be measured. And it can be used to measure the chirp 
factor of pulse trains. Moreover, this method is wavelength independent and does not 
require rigid optical alignment. 
In this chapter, a simple fiber-based autocorrelation technique using DOP 
measurement is demonstrated.  The operation principle of this method is introduced in 
section 3.1. The simulation results of misalignment angle and the chirp of the pulse trains 
are discussed in section 3.2. The experimental results six pulse trains with different pulse 
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widths at the power around -60 dBm are shown in section 3.3. Then comparison between 
conventional method and our method is given in section 3.4.  
3.1 Experiment setup and operation principle 
As shown in Fig. 3.1 (a), the pulse train is generated from an optical pulse generator, 
which can generate pulses with picoseconds pulse width. A variable optical attenuator 
(VOA) connected with pulse generator is used to control the input power. A polarization 
controller (PC) is used to align the incoming polarized pulse train 45o relative to the 
polarization beam splitter (PBS), which separate the original pulse into two principle 
states of polarization (PSPs) with same power. The box in dashed line is a tunable 
differential group delay (DGD) component, which includes a polarization beam splitter, a 
polarization beam combiner (PBC) and a variable time delay component. It is an 
integrated unit produced by the JDSU. The time delay in this component can be varied 
from -30 ps to 125 ps with a resolution of 0.01 ps. Finally, the DOP value of the 
combined pulse after the tunable DGD component is measured by a DOP meter. 
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Fig. 3.1 (a) Experimental setup, (b) The illustration of pulse property at different 
locations of the component corresponding to the experimental setup. 
 
Fig. 3.1 (a) shows the experiment setup of our proposed autocorrelator based on 
DOP measurement (VOA: variable optical attenuator. PC: polarization controller. 
PBS/PBC: Polarization beam splitter/combiner. τ: Time delay. DOP meter: Degree of 
Polarization meter. The box in the dashed line is the tunable DGD component. Computer 
interface is used to control the time delay in the tunable DGD component and the 
corresponding DOP in different time delay). In order to illustrate the working principle of 
our method, Fig. 3.1 (b) is presented. As shown in Fig. 3.1 (b), the incoming polarized 
pulse train with 100% DOP is generated by the pulse generator. Then it is aligned 45° 
relative to the PBS by a PC. The pulse is split into two PSPs with a delayed ∆τ (∆τ=DGD) 
while the pulse is traveling through the tunable DGD element. If ∆τ is equal to 0, these 
two replicas will overlap and the DOP of output pulse will remain same, i.e., DOP=100%. 
The overlap decreases as ∆τ increases, which induce the depolarization of output signal. 
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In other words, the DOP value decreases with the increase of DGD. When ∆τ is larger 
than the pulse width, DOP reaches its minimum value. The DOP of output pulse depends 
on both DGD (∆τ) and pulse shape, as given in [80]:  




R dgd R dgd R dgdDOP dgd
R R
                                       (3.1) 
Where Rin is the interferometric autocorrelation function of pulse, which gives pulse 
width information of a coherent and chirp-free pulse (this is the case for the pulses 
generated from the chirp-free external modulators in the optical communication systems). 
After sweeping the DGD values, the autocorrelation function of the pulse can be obtained 
in terms of DGD. Therefore, pulse width W can be computed using following formula: 
W ൌ FWHM ∙ constant                                       (3.2) 
Where W is the pulse width, FWHM is the full-width at half-maximum of trace obtained 
from graph of DOP versus DGD, and the constant is autocorrelation scale factor related 
to pulse shape. 
3.2 Simulation results 
3.2.1 Chirp effect to the pulse width measurement 
As the pulse to be measured in the experiment is Gaussian pulse train with a pulse width 
in picoseconds level, only Gaussian pulse train with pulse width at picoseconds are 
shown in the simulation; while the principle of our technique can also be applied to the 






Fig. 3.2 Simulation results of the autocorrelation function with the chirp factor α from 0 
to 1 for (a) 5-ps Gaussian pulse train and (b) 15-ps Gaussian pulse train. 
Fig. 3.2 (a) and (b) show the simulation pulse width measurement results of 5-ps 
and 15-ps Gaussian pulse trains at different chirp factors α from 0 to 1. The instantaneous 
frequency is time varying for chirped pulse. And the chirp factor α is the linear chirp 





















































parameter when this instantaneous frequency is a linear function of time [81]. As the 
negative chirp factor has the same effect on the pulse width measurement as the positive 
chirp factor when they have the same absolute value, we only illustrate the simulation 
results of positive chirp factor in the figures. Since the DOP changes periodically with the 
DGD at same repetition rate as pulse rate, one period (100 ps) of 10-GHz pulse train is 
chosen to study the chirp effect on the pulse width measurement.  
In order to study higher chirp factor impact on pulse width measurement, chirp 
factors (from 0 to 5) on these Gaussian pulse trains with different pulse widths are 
simulated. The pulse widths measurements of 5-ps and 15-ps pulse trains with chirp 








Fig. 3.3 Simulation results of the autocorrelation trace with the chirp factor α from 0 to 5 
for 5-ps Gaussian pulse (b) 15-ps Gaussian pulse. 
 






















































Fig. 3.4 Chirp effect on pulse width measurement for 2-ps, 5-ps, 10-ps, and 15-ps 
Gaussian pulse trains. 
 
The pulse widths of 10-GHz pulse trains can be derived by using Eq. (3.2) when 
the FWHM of their autocorrelation traces are obtained. The relationship between the 
measured pulse width and the chirp factor is illustrated in Fig. 3.4. It is found that chirp 
has significant impact on the measurement. The effect of the chirp factor implies that our 
autocorrelation method based on DOP measurement can only be used to measure the 
chirp-free pulse train. High chirp factor will make the pulse width measurement 
inaccurate. However, it is found that the same chirp factor has almost the same relative 
impact on the pulse train with different pulse widths. For example, measured pulse width 
of 5-ps pulse train decreases 5 times to 1 ps when chirp factor equals to 5, while the 
measured pulse width of 15-ps pulse train decreases 5 times to 3 ps at the same chirp 
























factor value. They nearly have the same relative changes. In other words, if the pulse 
width is known, this measurement can be used to obtain chirp factor value. 
3.2.2 Misalignment effect to the pulse width measurement 
Since a PC is used to align input pulse polarization 45o to the PSPs of the tunable DGD 
components, misalignment of this angle might occur in real system. In order to study the 
impact of polarization misalignment, alignment angle θ of incident 10-GHz Gaussian 
pulse trains (with pulse width of 5 ps and 15 ps) is varied from 45° to 50° with respect to 
the PSPs, as shown in Fig. 3.5. It is found that misalignment of incident light to the PSPs 
has little effect to the FWHM of autocorrelation traces. The positive and negative 
misalignment angles have same effects.  For example, the effect of alignment angle of 
40° is the same as 50° for their same misalignment angle |Δθ|=5o. The relationship 
between different pulse widths and misalignment angle is shown in Fig. 3.6. It is 
observed that the variation of the measured pulse width is small for 2-ps, 5-ps, 10-ps and 
15-ps Gaussian pulse trains. It may be explained as follows: the misalignment will cause 
changes of the splitting ratio between two PSPs, which will increase the final DOP value, 
especially where the DGD is larger than the pulse width. As a result, the minimum DOP 
value at 50° is larger than that value at 45°. This will reduce the final pulse width 
measurement to some extent. For example, 2-ps width is measured to be 1.9 ps at 50°, 
and 15-ps pulse width is measured to be 14.1 ps at 50°. The change ratios are 5% and 6% 
for pulses with pulse widths of 2 ps and 15 ps, which are nearly the same. It is concluded 
that the relative effect of this misalignment is almost independent of the pulse width. In 
the real system, this impact can be minimized by tuning the PC to minimize the DOP 






Fig. 3.5 Simulation results of the alignment angle to the tunable DGD component from 
45o to 50o (a) for 5-ps Gaussian pulse train and (b) for 15-ps Gaussian pulse train. 
 






















































Fig. 3.6 The misalignment effect on pulse width measurement for 2-ps, 5-ps, 10-ps and 
15-ps pulse width Gaussian pulse trains. 
3.3 Experimental results 
As shown in Fig. 3.1 (a), the proposed autocorrelator only consists of four components:  a 
polarization controller, tunable DGD element with 0.01-ps resolution, a DOP meter 
(Thorlabs PAT 9000 B) and computer interface to control the time delay and the 
corresponding DOP. The measurement resolution of DOP meter is ±2%, which also 
affects pulse width measurement accuracy. The pulse train to be measured is generated 
by a mode locked picoseconds fiber laser (Calmar Optcom PSL 10G). As the resolution 
of this tunable DGD component is 0.01 ps, the autocorrelation function of short pulse 
(with pulse width of picoseconds) from the mode locked laser can be obtained with a 
resolution of 0.01 ps. In other words, the DOP is recorded at the step of 10 fs to draw the 
autocorrelation function. After passing through the DGD element, the depolarized pulse 
























is measured by the DOP meter. Likewise, the DOP meter is also controlled via a 
computer interface to record the value corresponding to the DGD.  
In the experimental setup, the pulse generator is a mode locked laser, which can 
generate 10-GHz chirp-free pulse trains with different pulse widths at picoseconds level. 
The mode locked laser is followed by a VOA which is used to tune the optical power of 
pulse train from mode locked laser to the detectable power range of the DOP meter, 
which can detect optical power ranging from -70 dBm to 8 dBm.  Autocorrelation traces 
are obtained by sweeping the delay time from -30 ps to 30 ps with a step of 0.01 ps and 
recording the corresponding DOP values.  Autocorrelation trace of the pulse train with 
picoseconds pulse width is shown in Fig. 3.7 (a).  The FWHM of the autocorrelation 
function is 7.2 ps. Therefore, measured pulse width is 5.11 ps by using Gaussian shape 
scale (0.71).  
 
Fig. 3.7 Experimental measured pulse widths of 10-GHz pulse train: (a) 5.11 ps pulse 
width by using our method; and (b) 5.06 ps by using SHG autocorrelation. 
The pulse train from the mode locked laser is measured by the conventional SHG 
autocorrelator for comparison. Because of the high input power requirement of SHG 
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autocorrelator, the VOA is removed. The autocorrelation function obtained by the SHG 
autocorrelator is shown in Fig. 3.7 (b). The measured FWHM of this autocorrelation 
function is 0.95 ms. According to the manual of the conventional autocorrelator, its scale 
factor of is 7.5 ps/ms; so the measured pulse width is 5.06 ps after multiplying the scale 
factor (7.5 ps/ms) and the Gaussian shape scale (0.71). As we can see, the measured pulse 
widths are very close by using these two methods. 
3.4 Comparison and conclusions 
For further comparison of the pulse width measurement using our method and 
conventional SHG autocorrelator, six pulse trains with different pulse widths are 
measured by using these two methods, which is plotted in Fig. 3.8. It is found that the 
results of our method are consistent with that using conventional SHG autocorrelator. The 
required input power of conventional SHG autocorrelator is larger than 10 dBm. As a 
result, SHG autocorrelator should connect directly to the mode locked laser 13.8-dBm 
power without attenuator to do the measurement. The sensitivity of this conventional 
autocorrelator (average power multiplying peak power) is in the order of 10-7 W2.  
As the power sensitivity of DOP meter in our experiment setup can be as low as -
70 dBm, our autocorrelator technique based on DOP measurement can measure the pulse 
width of the pulse trains at very low power, which is a key advantage compared with 
conventional autocorrelators. In the experiment, the power of pulse train at different pulse 
widths can be reduced to the minimum detectable level by tuning the value of the VOA. 
For example, the measured average power of a 5-ps pulse is -68.5 dBm, which 
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corresponding to the sensitivity of 5.3*10-20 W2. As the same pulse trains are measured by 
two methods, only average power is listed in table 2. And the pulse trains are sorted from 
the short pulse width to the long pulse width. It is found that our method based on DOP 
measurement has a large improvement on power requirement. The sensitivity of our 
method is increased to 10-20 W2, compared with 10-7 W2 of SHG autocorrelator. 
 
 
Fig. 3.8 Comparison between pulse-width from conventional SHG autocorrelator and 
pulse-width measured by our method. 
 
  


























Pulse width from SHG autocorrelator (ps)
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Table 2. Power measurement in different pulse widths 
 
The recorded power when measuring the pulse width 




Our method based on DOP 
measurement 
Pulse width 1 13.8 dBm -67.10 dBm 
Pulse width 2 13.8 dBm -68.23 dBm 
Pulse width 3 13.8 dBm -68.56 dBm 
Pulse width 4 13.8 dBm -67.86 dBm 
Pulse width 5 13.8 dBm -68.61 dBm 
Pulse width 6 13.8 dBm -68.17 dBm 








Long distance fiber Bragg grating 
sensor system based on Raman 
amplification 
 
Optical fiber has brought up many applications, in addition to the application in optical 
communication; optical fiber also has another big application in optics fiber sensor. Fiber 
Bragg grating (FBG) fiber sensors are one big part in optic fiber sensor. They are 
attractive in many applications due to their high versatile advantages such as high 
sensitivity, electro-magnetic immunity, compactness, high resolution and high optical 
signal-to-noise ratio (SNR) against the noise [82]. Due to the noise and loss induced by 
Rayleigh scattering and attenuation along the fiber, however, the maximum transmission 
distance with a broadband light source is limited up to 25 km [21]. As a result, 
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measurement distance of FBG fiber sensor system comes out to be a practical issue. A lot 
of works have been done to increase the measurement distance of the fiber sensor. For 
example, P. C. Peng et al. proposed an approach by using linear cavity Raman laser 
configuration based on an FBG and a fiber loop mirror. However, long distance fiber 
acted as the role of laser cavity in their setup, which would bring out thermal stability 
issue along the fiber [84]. Ju Han Lee et al. proposed a Raman amplifier-based long-
distance sensing system using a combined sensing probe of an erbium-doped fiber and an 
FBG [83, 85, 86], but more than one laser source at around 1480 nm are used. In addition, 
the measurement length is only 50 km in their system. H. Y. Fu et al. demonstrated a 75-
km long distance FBG sensor system [87]. However, an amplified stimulated emission 
(ASE) is needed every 25 km, which makes the system more complicated and less 
controllable in practical applications. Y. J. Rao et al. proposed a 100-km long-distance 
FBG sensor system based on a tunable fiber ring laser configuration [88] and a 300-km 
FBG sensor system based on hybrid EDF and Raman amplification [89]. But the system 
needs three pump laser sources at different wavelengths including a 2-W Raman laser 
source at 1480 nm and a fiber ring laser configuration [88]. Besides, an additional Raman 
pump is needed at the distal end [89], which makes the setup quite complicated. 
In summary, as the measurement length is limited by the loss and attenuation 
along the fiber, increasing the pump power seems to be the most effective method to get 
longer distance fiber sensor system. However, lasing effects will be induced when the 
pump power is increased to a threshold, which is the main reason why it is hard to get 
longer distance FBG sensor system. To achieve longer distance measurement, as shown 
in [85-89], complicated setup with a lot of components are used to reduce the lasing 
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effect. In practical usage, however, simple and easy launched long distance sensor 
systems are desired.  
In this chapter, a new method utilizing simple optical components setup is 
proposed. In addition to the pump laser, whole fiber sensor system contains only passive 
components, such as coupler, SMF, EDF and FBGs. In section 4.1, the background and 
operation principle is introduced. Then the operation principle of 100-km and 150-km 
sensor system are introduced and compared. In section 4.2, the long distance multipoint 
sensor system is demonstrated. Then the 150km temperature and vibration sensor system 
is illustrated in detail. 
4.1 Background and operation principle 
4.1.1 Spontaneous vs. stimulated Raman scattering 
The Raman scattering effect is the inelastic scattering of a photon with an optical phonon, 
which originates from a finite response time of the third order nonlinear polarization of 
the material [90]. When a monochromatic light beam propagates in an optical fiber, 
spontaneous Raman scattering occurs. It transfers some of the photons to new frequencies. 
The scattered photons may lose energy (Stokes shift) or gain energy (anti-Stokes shift). If 
pump beam is linearly polarized, the polarization of scattered photon may be the same 
(parallel scattering) or orthogonal (perpendicular scattering). If photons at other 
frequencies are already present, the probability of scattering to those frequencies is 
enhanced. This process is known as stimulated Raman scattering.  
In stimulated Raman scattering, a coincident photon at the downshifted frequency 
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will receive a gain. This feature of Raman scattering is exploited in Raman amplifiers for 
signal amplification. In our proposed method, it is used to amplify the 1480-nm laser 
though the propagation, and then pump the EDF. The propagation equation for Raman-


















PN  is the photon number of Stokes, SP is the power of stokes, S is the 
frequency of the Stokes, S is the attenuation of the fiber, Rg is the gain coefficient, LI is 
the pump laser intensity.  
The transition rate depends on the factor  1SN . The SN accounts for stimulated 
scattering (the presence of photons in the signal mode enhances the probability of 
scattering to the mode), while the 1 accounts for spontaneous scattering (transitions occur 
even if the signal mode starts in the vacuum state). The spontaneous scattering regime is 





LRS                            (4.2) 
The Stokes photon number flux grows linearly when z« 1 . When the Stokes 
photon number is large ( SN »1), the stimulated Raman scattering happens.  
NS (z)  e gR (o)IL (0)Ieff (L )L                                              (4.3) 
Stokes photon number flux grows exponentially when z« 1 . As the setup shown 
in Fig. 4.1, only one pump laser at 1395 nm, whose power is 27 dBm, is launched into a 
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50-km single mode fiber.  
 
Fig. 4.1 Experiment setup to illustrate spontaneous Raman scattering in long distance 
sensor system. 
 
Fig. 4.2 Transmitted spectrum of experiment setup in Fig. 4.1. The power of 1395-nm 
laser is 27 dBm. 
Because there is no Stokes wavelength, it is at the situation of SN «1, only 
spontaneous Raman scattering occurs, as shown in Fig. 4.2. However, the transmitted 
spectrum will change a lot when a 1480-nm laser is added before the 1395-nm laser by 
using a 1480/1550-nm coupler, as shown in Fig. 4.3. Although the power of 1480-nm 
laser is relatively small, which is only 3.3 mW, it still makes the number of Stokes 
photon large enough to reach the threshold of stimulated Raman scattering. The 
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transmitted spectrum is shown in Fig. 4.4. It is observed that optical power around 1480 
nm is concentrate in single wavelength, which is the laser wavelength we add into the 
system. The power transfer rate from 1395 nm to 1480 nm has been increased much by 
inserting a laser at wavelength around 1480 nm.  
As what we desired is a long distance FBG sensor, then the high power of ASE is 
really wanted. And pumping EDF with the laser at 1480 nm wavelength can generate the 
ASE. It means increasing the generated power of 1480 nm by 1395-nm Raman laser is 
the key task to increase the measurement distance. Therefore, we introduce a new scheme, 
shown in Fig. 4.3, which can increase the optical power at 1480 nm by stimulated Raman 
scattering.  
 
Fig. 4.3 Experiment setup to illustrate stimulated Raman scattering in our new proposed 
long distance sensor system. 
In order to obtain a long distance FBG sensor system, the ASE that acts as the 
broadband light source of FBG should be obtained. However, because of the high 
attenuation in the long distance fiber, broadband light source cannot be propagated 
directly into the system. Normally, 1480-nm laser is used to pump the EDF and generate 
the ASE. Besides, this 1480-nm laser should have relatively high power and also make 
sure no lasing effect occurs when EDF is pumped. Our proposed method can not only 
increase the power of 1480-nm laser to a high level, but also make sure no lasing effect 
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will happen as the increased of the pump power. In other words, it makes the longer FBG 
sensor measurement range possible.  
 
Fig. 4.4 Transmitted spectrum of experiment setup in Fig. 4.3. The power of 1395-nm 
laser and 1480-nm laser is 27 dBm and 3.3 mW. 
4.1.2 Operation principle of 100-km long distance fiber Bragg grating 
sensor 
As the experimental setup shown in Fig. 4.5, a method using only a pump laser at 1395 
nm has been proposed by us in 2010 [90]. In this setup, only one Raman pump laser at 
1395 nm is used to generate the broadband light source for the FBGs. As shown in Fig. 5, 
a 5 meter EDF (without FBG and with only one segment of EDF) is inserted at 50 km to 
measure the transmitted spectra. The pump power of 1395-nm laser is set as 1 W. As the 
transmitted spectra shown in Fig. 4.6, the first peak around 1395 nm is the residual pump 
laser. Because the pump power of 1395-nm laser is as high as 1 W, high power around 
1480 nm can be generated. As shown in Fig. 4.2, the spectrum around 1480 nm is 
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generated by spontaneous Raman scattering when the pump power is 27 dBm. When the 
power of 1395-nm laser is further increased, the wavelength generated by spontaneous 
Raman scattering will act as the Stokes laser. Then the optical power around 1480 nm 
will be amplified, as the second peak shown in Fig. 4.6. The third area around 1530-1570 
nm is obviously the ASE generated by the EDF, because the second peak around 1480 
nm can act as the pump of the EDF. Since the Bragg wavelength of FBG, what we are 
going to insert in the fiber, is in the range of the ASE, this system does not need 
additional ASE to act as a broadband laser source to get an FBG sensor system. Once the 
ASE is obtained, long distance FBG sensor is achieved. We have demonstrated a 100-km 
long distance FBG sensor in 2010 [90] by using the principle 
 
Fig. 4.5 Experiment setup to illustrate the working principle of the 100-km long distance 




Fig. 4.6 Transmitted spectrum of the setup in Fig. 4.5. 
 
4.1.3 Operation principle of 150-km long distance fiber Bragg grating 
sensor 
However, 100-km is the limit of the previous 100-km sensor system setup as shown in 
Fig. 4.5. In order to get longer distance FBG sensor system, higher ASE power generated 
by 1480 nm laser is desired. Therefore, higher power transfer efficiency from 1395 nm to 
1480 nm is the key issue to achieve longer distance FBG sensor system. Now, a new 









Fig. 4.8 Transmitted spectrum of the setup in Fig. 4.7. 
 
As shown in Fig. 4.7, a 1480 nm laser is added before the 1395-nm Raman pump 
laser. The pump power of 1395-nm lasers is set as 1 W, and the power of 1480 nm is 3.3 
mW. By comparing the transmitted spectrum in Fig. 4.6 and Fig. 4.8, it is observed that 
the efficiency of power usage of setup in Fig. 4.5 is low. The 1395-nm laser still has 
relatively high power after passing through 75 km SMF. And this power will not be used 
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in the following SMF to generate Raman scattering due to its relatively low power to 
activate stimulated Raman scattering. As the explanation in section 4.1.1, power transfer 
efficiency of setup in Fig. 4.7 is much higher by adding a low power 1480-nm laser as 
Stokes light as the transmitted spectrum shown in Fig. 4.8. The desired peak power of 
ASE in Fig. 4.8 is about 5 dB larger than that in Fig. 4.6. In other words, the power 
transfer efficiency is much higher when a low power 1480-nm laser is added in the 
system. And the proposed scheme can be used to obtain longer measurement distance 
FBG sensor system. 
4.2 150-km multi-point temperature and vibration 
sensor system 
4.2.1 Multi-point long distance FBG sensor system 
 
Fig. 4.9 150-km multi-point FBG temperature and vibration sensor system. 
 
The system setup of 150-km long distance multi-point FBG sensor system is shown in 
Fig. 4.9. The Raman laser source at 1395 nm with a 1.5-nm line-width has up to 1.5-W 
 71
CW output power. By using a 1395/1550-nm wavelength division multiplexer coupler, 
the 1395-nm pump laser source at around 1 W is launched into the 150-km SMF. And a 
1480-nm laser is coupled into the system by using a 1480/1550-nm coupler. Two pieces 
of 5-m EDF (EDFC-980-HP from Nufern) are spliced at the location of 50 km and 75 km 
among the SMF, respectively. The FBGs, with the Bragg wavelength in the range of the 
ASE, are placed along the SMF. Three FBGs are inserted to measure the temperatures or 
vibrations. These three FBGs, FBG1, FBG2 and FBG3, have the central wavelengths of 
1561 nm, 1558 nm and 1554 nm; and they are located at 150 km, 125 km, and 100 km, 
respectively. In order to get high signal noise ratio of the reflected spectrum of FBG, the 
FBGs used in the experiment have more than 90% reflectivity. At the detection part, an 
optical spectrum analyzer (OSA) is used to monitor the wavelength change of the peaks 
of reflection spectrum. A tunable optical filter with 0.5-nm bandwidth is used to filter out 
reflected Bragg wavelength of the FBG for the vibration demodulation. 
In order to illustrate the working principle, the power transfer along the fiber will 
be explained. Because of stimulated Raman scattering (SRS), laser at 1480 nm is 
amplified. Therefore, it can act as the pump of EDF to generate ASE after passing the 
first segment of EDF located at 50 km, as the optical spectrum shown in Fig. 4.8. The 
generated ASE has two parts; one transmits in the forward direction and the other 
transmits in the backward direction. Another segment of 5-m EDF located at 75 km is 
used to further transfer the residual power at 1480 nm to the ASE. These schemes are all 
done to make sure the ASE can transmit longer distance. The reflected spectrum of the 
sensor system has two main parts, one is the reflected spectrum at 1480 nm and the other 
is the reflected ASE with Bragg wavelength spectrum. The reflected spectrum at 1480 nm 
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comes from the backward effect by stimulated Raman scattering. 
In order to further use the power around 1480 nm, which still have high power 
after transmitting 75 km, shown in Fig. 4.8, another segment of 5 meter EDF is placed at 
the location of 75 km. As a result, ASE with high power is generated and the ASE can 
transmit longer along the SMF. It is found that the ASE generated by the laser should 
have enough power to reach the locations of FBGs and make sure the reflected spectrum 
of the FBGs have enough power to be detected. The setup in Fig. 4.9 is the optimal 
scheme chosen from the setups with different lengths of EDF and different location of 
EDF. In principle, other FBGs, which have different wavelengths from these 3 FBGs, can 
be added along the system to achieve real long distance sensor system.  















Fig. 4.10 Reflected spectrum of the system at the range from 1551 nm to 1562 nm. 
 
Fig. 4.10 shows the reflected spectrum of the system, which contains Bragg 
wavelengths of FBG1, FBG2 and FBG3. It can be found that the SNR of FBG3 located at 
100 km is more than 35 dB. The SNRs of FBG1 and FBG2 are relatively smaller. But 
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they are large enough to be used as sensors. 
4.2.2 Long distance temperature sensor system 
As shown in Fig. 4.9, the long distance sensor system contains two lasers, which are 
located at 1395 nm and 1480 nm. In the experiment, the optical powers of the lasers are 
30 dBm and 12.74 dBm, respectively. There are no additional lasers or electrical 
components along the fiber. An all-fiber sensor system is built by splicing SMF and EDF 
together. FBG is placed in the system as the sensing point. By using an optical spectrum 
analyzer (OSA), the Bragg wavelength of the FBG can be measured. The change of 
Bragg wavelength denotes the changes of environmental temperature.  
 




Fig. 4.12 FBG Bragg wavelengths as a function of the applied temperatures 
 
In order to illustrate the performance of this 150 km long distance FBG sensor 
system, four spectra at temperature 36.3 oC, 42.3 oC, 54.0 oC and 67.1 oC are shown in 
Fig. 4.11. It is found that the Bragg wavelength of the FBG is shifted as the increase of 
temperature. Fig. 4.12 shows the Bragg wavelength as a function of the applied 
temperature in the range from 35 oC to 70 oC. It is found that a good linearity (R=0.99738) 
for temperature measurement has been achieved, and the temperature sensitivity is 10.82 
pm/oC. It is experimentally shown that our system has good repeatability. The 
temperature measurement accuracy is ±1oC, and the typical temperature measurement 
range is up to 120 oC. Furthermore, the maximum temperature can be 300 oC if the 
polyimide fiber is used. 
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4.2.3 Long distance vibration sensor system 
4.2.3.1 Vibration sensor based on tunable filter 
Fig. 4.9 shows the experimental setup for our proposed 150-km long distance FBG 
vibration sensor system. The FBG located at 100 km is packaged and protected by a 
carbon fiber. It is fixed on the vibration platform, and act as vibration sensor. A tunable 
optical filter with 0.5-nm bandwidth is used to filter out the reflected Bragg wavelength 
of the FBG. The reflected spectrum of the system is measured by an OSA, from which 
reflected FBG Bragg wavelength can be obtained. The photo-detector (PD) and the 
oscilloscope are placed after tunable optical filter to monitor the power change induced 
by vibration applied on FBG.  
As a vibration sensor system, a tunable filter is needed as the demodulator, as 
shown in Fig. 4.9. This filter is used to demodulate the wavelength change signals to the 
power intensity signals. The center wavelength of this filter is tuned to make FBG Bragg 
wavelength locate at the left edge of the filter. Fig. 4.13 (a) shows the spectrum after 
tunable filter with no strain on FBG. The average power at this situation is -25.73 dBm. 
By applying maximum strain value on the FBG, wavelength of FBG changes maximum. 
In consequence, average power after filter changes, shown in Fig. 4.13 (b). It is observed 
that average power is -17.20 dBm. The power difference at two strain situations is 8.53 
dBm, which is a large difference for vibration sensor system.  
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Fig. 4.13 The spectrum after the tunable filter, (a) with no strain on the FBG (Dashed 
line); (b) with the maximum strain on the FBG (Solid line). 
4.2.3.2 Vibration sensor system based on matching filter demodulation 
As we know, optical spectrum analyzers are not suitable for real commercial sensor 
systems, because they are expensive and their wavelength scanning speed is slow. In 
order to get the low cost and fast scanning speed fiber sensor system. A lot of methods 
have been proposed to use the alternative components to replace the spectrum analyzers 
[92-138], such as using linearly wavelength-dependent device [92–97], using CCD 
spectrometer [98–101], using power detection [102–110] and active detection schemes 
[111-138]. In this section, an active detection method of matching FBG pair is used as the 




Fig. 4.14 Experiment setup of using matching filter demodulation. 
 
Vibration sensor system using matching filter demodulation method is shown in 
Fig. 4.14. As the reflected power at 1480 nm is relatively large compared with the power 
of reflected FBG spectrum, a filter is used to filter out the power around 1480 nm before 
wavelength demodulation. At the output of this 0.5-nm bandwidth tunable optical filter, 
only the wavelength of FBG3 is left. Another FBG (FBG4) with nearly the same 
wavelength as FBG3 is used to achieve the wavelength demodulation. When the vibration 
on FBG3 is turned on, reflected wavelength of FBG3 will drift; but the transmitted 
wavelength of FBG4 will keep constant by placing it in a stable environment. In this case, 
only the power of overlap spectrum between reflected spectrum of FBG3 and transmitted 
spectrum of FBG4 can be detected. The principle of matching FBG pair demodulation is 
shown in Fig. 4.15.  
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Fig. 4.15 Matching FBG pair demodulation. 
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where R1, R2, λ1 and λ2 are peak reflectivity and central wavelength of FBG3 and FBG4, 
respectively, Δλ1 and Δλ2 is 3dB bandwidth of FBG3 and FBG4, respectively. From 
equation (4.4), it is found that luminous power detected by the photodiode P is the 
function of (λ1-λ2)2. And the optimal operating point of the wavelength of FBG3 and 
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Center wavelengths of FBG3 and FBG4 should close enough in the experiment. The 
reflection bandwidth of FBG3 and FBG4 are 0.3 nm. In order to have better performance, 
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the center wavelength of FBG4 should be tuned to an optimal matching wavelength 
according to equation (4.5).  
4.2.3.3 Experiment results of vibration sensor system 
After fixing the FBG on the vibration platform, received signal is detected by a photo-
detector and observed on an oscilloscope. During the measurements, the vibrator of the 
vibration platform is driven at resonance frequency, ranging from 1 Hz to 1000 Hz. The 
detected signal, shown in Fig. 4.16, is recorded when the vibration frequency is 13 Hz. It 
is observed that the sensor system can detect vibration frequency accurately.  
 
Fig. 4.16 Recorded waveform on the oscilloscope when vibration frequency is 13 Hz. 
 
The detected signal is also acquired by National Instrument (NI) data acquisition 
(DAQ) card and then processed by the fast Fourier transform (FFT) in the computer. Due 
to the limit of the vibration exciter’s tuning resolution, the vibration frequency is set to be 
1.5 Hz, 100 Hz, 500.5 Hz, 1000 Hz. Detected frequency obtained from the computer is 
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shown in Fig. 4.17. It can be found that the detected frequency matches the setting 
frequency very well. In the experiment, the detecting FBG is attached to the vibration 
exciter by taper glue. The detected frequency cannot be more than 1100 Hz. If the 
attachment of the FBG3 to vibration exciter is improved, higher detecting frequency can 
be achieved.  
 
Fig. 4.17 Detected frequency displayed on computer after FFT when vibration frequency 
is set on (a) 1.5 Hz, (b) 100 Hz, (c) 500.5 Hz, (d) 1000 Hz. 
4.3 Conclusions 
In this chapter, we have demonstrated a novel 150-km multi-point long distance FBG 
temperature and vibration fiber sensing system based on stimulated Raman amplification 
and erbium doped fiber. The proposed sensing system is only composed of two laser 
sources at 1395 nm (high power) and 1480 nm (low power) at the transmitter, two pieces 
of EDF and conventional 150-km single mode fiber. The accuracy of the temperature 





CD monitoring based on delay tap 
sampling with low bandwidth 
receiver 
 
In addition to the application in fiber optic sensor, optical fiber also has another 
application, which is optical communication. Due to their little attenuation and high 
bandwidth, compared to electrical cables, fiber have especially advantageous for long-
distance communications. As the development of global information technology, Internet 
traffics have promoted the research of optical communication and the further application 
of 40-Gbit/s or 100-Gbit/s optical systems. In these long-range transmission systems, 
chromatic dispersion (CD) effect is one of major factors limiting the transmission 
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distance in these high-speed dense wavelength-division-multiplexing (DWDM) systems. 
It may change with network reconfigurations and many environmental conditions such as 
temperature. In consequence, effective residual CD monitoring scheme becomes very 
important [140, 141]. This thesis is focus on the measurement techniques, so the 
measurement techniques, such as the CD monitoring techniques, will be introduced in 
this chapter.  
A lot of methods have been proposed to realize the residual CD monitoring [142-
148]. For example, CD effect on radio-frequency (RF) clock fading [142, 143] can be 
used to monitor residual CD. However, the measurement result is affected by the received 
power and polarization mode dispersion (PMD). Another method based on power ratio of 
two RF tone powers is also proposed [144]. But it requires modification of transmitter, 
and the added RF tones may introduce degradation on data quality. Eye diagrams have 
been considered as a useful tool for monitoring CD, PMD, signal-to-noise ratio (SNR) 
and other impairments in optical transmission systems [145]. However, clock 
synchronization is required so that the sampling can be synchronized to the signal. 
Recently, delay tap asynchronous sampling has been proposed for multi-parameter 
monitoring [146-148]. A scheme based on delay-tap sampling using a imperfectly tuned 
delay interferometer (DI) has been proposed to realize the signed CD monitoring of non-
return-to-zero differential phase-shift keying (NRZ-DPSK) and return-to-zero differential 
phase-shift keying (RZ-DPSK) signals [146]. Then asymmetry ratio of delay-tap 
sampling is proposed on residual CD monitoring for CSRZ differential quadrature phase-
shift keying (DQPSK) signal [147]. This scheme can differentiate positive and negative 
residual CD in a DQPSK system and does not need any change on the demodulator of 
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DQPSK signal. However, reported asynchronous delay-tap sampling method is not 
sensitive in the small CD region. Then an amplitude ratio in delay-tap sampling plot is 
proposed to measure the residual CD in low CD region [148]. But the CD measurement 
range of the proposed scheme is limited.  
In this chapter, a CD monitoring technique based on delay tap sampling method, 
utilizing low bandwidth receiver, is proposed. The effectiveness of this scheme has been 
demonstrated through simulation and experiment in a 50-Gbit/s RZ-QPSK transmission 
system. The results show that the CD measurement range is increased and the residual 
CD in low CD region can be measured accurately by the proposed technique. 
5.1 Principle of Delay-tap Sampling Plot 
Asynchronous delay-tap sampling is a technique that provides the information of 
waveform. Compared with eye diagrams, which also express the waveform information 
of signals, delay-tap sampling has two advantages, which are low sampling rate and no 
synchronization. Fig.5.1 (a) shows the schematic graph for generating delay-tap sampling 
pairs of an RZ-QPSK signal. Fig. 5.1 (b) shows the waveform of detected signal; each 
point in the delay-tap sampling plot comprises two parameters (x and y). The time delay 
between x and y is a constant, ∆t. It is found that the sensitivities of impairments are 
different when time delay is changed. The sampling time, Ts, can be many orders of bit 
period. Therefore, the sampling rate can be decreased dramatically and the CD 
monitoring scheme will be simple and cost effective. Fig. 5.11(c) shows the demodulated 
eye diagram of 50% RZ QPSK signal. Fig. 5.11(d) shows the asynchronous delay-tap 
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sampling plot at a time delay of half symbol period (B/2). We note that by choosing half 
symbol period as the time delay, plot distortion induced by chromatic dispersion is the 
largest. The tap delay for CD monitoring is chosen to be half symbol period in all our 
simulation and experiment results. Utilizing the delay-tap sampling plot distortion 
induced by CD can monitor residual dispersion in the systems. In order to quantification 
the information in delay-tap plot, an amplitude ratio α=L1/L2 is defined [148], as shown 
in Fig. 5.1(d). Then this amplitude ratio can be used as a CD monitoring signal if it 
increases or decreases monotonously with the residual CD. As this technique does not 
need synchronization or modification on transmitter/receiver, it is a simple and cost 
effective monitoring method. Several papers have been published on using delay tap 
sampling method to monitor CD. For example, the asymmetry ratio of delay-tap sampling 
is proposed on residual CD monitoring for CSRZ differential quadrature phase-shift 
keying (DQPSK) signal [147]. A different amplitude ratio in delay-tap sampling plot is 
proposed to measure the residual CD in low CD region [148]. However, these methods 
do not have large measurement range when the signal is at high bit-rate. Moreover, the 
demodulator of RZ-QPSK in these proposed CD monitoring system is the high 
bandwidth balanced receiver, which is still quite expensive. By our study, we find that the 
scheme based on low bandwidth receiver can not only increase the measurement range, 
but also reduce the cost by replacing the expensive balanced receiver with low-cost low-






(b)                                                                      (c) 
 
(d) 
Fig. 5.1 Principle of delay-tap asynchronous sampling for RZ-QPSK signal. (a) schematic 
graph of delay sampling  (b) waveforms in the time domain; (c) eye diagram; (d) delay-




5.2 Delay tap sampling methods based on low 
bandwidth balanced receiver of 50-Gbit/s RZ-QPSK 
signal 
5.2.1 Simulation results 
 
Fig. 5.2 System setup of CD monitoring scheme of 50-Gbit/s RZ-QPSK signal. 
 
The system setup of residual CD monitoring in a 50-Gbit/s RZ-QPSK system is shown in 
Fig. 5.2. Different lengths of single mode fibers (SMF) are used to generate different 
values of CD. Mach-Zehnder interferometer and balanced receiver is used to demodulate 
the signal. However, in our method, a low bandwidth receiver is proposed to replace the 
high bandwidth receiver to measure residual CD with high bit-rate. Because of the 
experiment limitation, a 12-GHz 4th order Bessel shape low band-pass filter is used in the 
experiment. And in the simulation, an almost same bandwidth 4th order Bessel function 
low band-pass filter is used to match with experiment setup. Once the waveform of RZ-
QPSK signal is recorded, detected electrical signal is split into two branches, while one 
branch has a time delay (half of the symbol period time, which is 20 ps in our setup) with 
the other. The obtained sample pairs are delay-tap sampling signals, which reflect the 
distortion information induced by various impairments along transmission. 
Different lengths of SMF are used to obtain different value of CD. As shown in 
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Fig. 5.3 (a), (b), (c) and (d), the demodulated delay-tap sampling plots of 50-Gbit/s RZ-
QPSK signal with 0 ps/nm, 46.768 ps/nm, 84.416 ps/nm and 118.869 ps/nm residual CD 
are illustrated, respectively.  
 
Fig. 5.3 Delay-tap sampling plots with different residual CD when using a 12-GHz 
balanced receiver. 
 
It is found that the plots are almost symmetric to the line y=x and y=-x, when 
there is residual dispersion. Moreover, the amplitude ratio between outer ring and inner 
ring increases monotonously as the increase of residual CD. To quantify this relationship 
between amplitude ratio and residual CD, a parameter is needed to define the amplitude 
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ratio of these delay tap plots. 
As shown in Fig. 5.3 (c), we can define the radius of the outer ring along the line 
y = x as L1, the radius of the inner ring along y=-x as L2. The amplitude ratio of delay tap 
plots can be defined as: 
Amplitude ratio= L2/L1                                 (5.1) 
As amplitude ratio is the monitoring signal, measurement results are not affected by 
received optical power.  
 
Fig. 5.4 Simulation Result of amplitude ratio as a function of residual CD when a 12-
GHz bandwidth balanced receiver is used. 
 
As shown in Fig. 5.4, when using a 12-GHz bandwidth balanced receiver, 
amplitude ratio of delay-tap plots ranges from 0.4 to 0.62 as the residual CD changes 
from 0 ps/nm to 120ps/nm. The CD measurement range has been extended to 120 ps/nm. 
As the relationship between them is linear, residual CD values in low CD region can also 
be measured accurately by using this scheme. In the next section, the experiment results 
based on the same scheme are demonstrated to compare with. 
 89
5.2.2Experiment results of using low bandwidth balanced receiver 
 
Fig. 5.5 Experiment setup of CD monitoring method in 50-Gbit/s RZ-QPSK systems. 
 
Fig. 5.5 shows the experimental setup of CD monitoring scheme for 50-Gbit/s RZ-QPSK 
signals. As the detection part, a MZI and a balanced receiver demodulate the signal. After 
that, a 12-GHz low band-pass filter is used to add some distortion to the detected signals. 
Delay tap sampling plot can be obtained by using the waveform of demodulated signal. 
 
(a)                                                                    (b) 
Fig. 5.6 (a) Balanced receiver eye diagram without filter when CD=0 ps/nm(b) Balanced 
receiver eye diagram with filter when CD=0 ps/nm. 
 
Fig. 5.6 shows the eye diagram of the 50-Gbit/s RZ-QPSK signals when the low 
band-pass filter is absent and used. As can be seen, the eye diagram is very clear and does 
not have distortions in Fig. 5.6 (a). However, the signal becomes distorted when the low 
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band-pass filter is added in Fig. 5.6 (b). This distortion may lead to high bit error rate 
(BER) in the signal detection. However, it is found that the distortion induced by low 
band-pass filter will contribute to increase the measurement range of CD monitoring 
method based on delay tap sampling. Both simulation and experimental results show that 
although these distorted signals cannot be used to restore the original data, the distorted 
signal has better sensitivity on the impairment effects in the transmission system. In other 
words, the proposed method not only increases the measurement range and sensitivity, 
but also helps to reduce the cost of the CD monitoring system.  
 
Fig. 5.7 Delay tap sampling plot of different residual CD. 
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In order to compare the experimental and simulation results, the length of SMF in 
the simulation and experimental setup are chosen to be the same. The lengths of SMF are 
80 3m, 2120 m, 2923 m, 4473 m, 5276 m, 6593 m, 7396 m and 8349 m, corresponding to 
the dispersion value of 12.848 ps/nm, 33.92 ps/nm, 46.768 ps/nm, 71.568 ps/nm, 84.416 
ps/nm 105.488 ps/nm 118.336 ps/nm and 133.584 ps/nm. Fig. 5.7 shows the delay tap 
sampling plot with different residual CDs generated by different lengths SMF. It is found 
that the shapes of the delay-tap-sampling plots obtained in the experiment match with that 
in the simulation very well.  
 
Fig. 5.8 Comparison between the experiment and simulation results. 
 
Fig. 5.8 shows the relationship between residual CD and amplitude ratio of the 
experiment and simulation results. The linear slope of experiment result is -0.00175; 
while the linear slope of simulation results is -0.00181. The close linear slope between 
experiment and simulation results proves the consistency of our proposed method.  
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In conclusion, both simulation and experimental results show that the proposed 
delay tap sampling methods using low bandwidth receiver can measurement the residual 
CD efficiently in the 50-Gbit/s RZ-QPSK system. By replacing the expensive high 
bandwidth balanced receiver with a low-cost low-bandwidth receiver, the CD monitoring 
system not only improve the CD measurement range, but also reduce the cost and 
complexity of the system. In the next section, the simulation and experiment results of 
using normal high bandwidth balanced receiver is presented and compared with our 
method using low bandwidth receiver. 
5.2.3 Comparison between the results of high bandwidth balanced 
receiver and our method 
In order to compare the results of delay tap sampling method between using normal 
bandwidth and low band-width receiver, normal bandwidth balanced receiver is 
simulated and experimentally demonstrated in this section. Fig. 5.9 shows the 
experimental setup of delay tap sampling method with normal bandwidth balanced 
receiver. 
 
Fig. 5.9 Experiment setup of CD monitoring method in [147] using normal bandwidth 
balanced receiver. 
 
The delay tap sampling plot under several chromatic dispersion values, which are 
the same as that in Fig. 5.3, are shown in Fig. 5.10. Same experiments have been done in 
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[147, 148]. It is observed that the delay tap sampling plots with high bandwidth balanced 
receiver change relatively small when the residual CD increases from 0 ps/nm to 100 
ps/nm. In addition, the shape of the delay tap sampling plot is changed to very different 
shape as the increase of CD. Therefore, amplitude ratio cannot be used for the CD 
measurement in the whole range. In other words, the method in [147] is not sensitive in 
the low CD region and has limited measurement range. 
 
Fig. 5.10 Delay tap sampling plots with different CDs when using the 40-GHz receiver. 
 
The experimental delay tap sampling plots by using traditional delay tap sampling 
method are also shown in Fig. 5.11. The experimental results are consistent with the 
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simulation results shown in Fig. 5.10. However, compared to the plots of low bandwidth 
balanced receiver, the plots of high bandwidth balanced receiver do not have linear 
relationship as the increase of CD; and the changing of the plots is relatively small. As 
shown in Fig. 5.11 (a) (b) (c) (d) and (e), when the CD changes from 0 ps/nm to 70 ps/nm, 
plots looks like the a rectangular. However, when the CD is larger than 70 ps/nm, the 
plots change to a totally different shape, especially the plots of Fig. 5.11 (h) and (i).  A 
paper has been published on using different amplitude ratio to monitor the CD values in 
this small CD range [148]. However, the shape of delay-tap sampling plot will change. In 
other words, the chosen amplitude ratio cannot distinguish CD value in large CD range. It 
means that measurement range and sensitivity is limited if high bandwidth balance 
receiver is used in delay tap sampling method. More important, high cost is induced due 
to the usage of high bandwidth receiver. 
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Fig. 5.11 Experiment results of traditional method that use normal bandwidth balanced 
receiver. 
5.3 Delay tap sampling method based on single low 
bandwidth receiver 
As discussed in the last section, balanced receiver with low band pass filter can be used to 
improve CD measurement range and sensitivity. Although the low bandwidth balanced 
receiver proves to have better performance than high bandwidth balanced receiver, the 
cost of a balanced receiver is also relatively high. In order to further reduce the cost and 
simplicity of proposed CD monitoring system, a single low bandwidth photo-detector is 
used to replace balanced receiver. The setup for residual CD monitoring system based on 
low bandwidth receiver in 50-Gbit/s RZ-QPSK system is shown in Fig. 5.12. Several 
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SMF with different lengths are used to generate different values of chromatic dispersion. 
Instead of balanced receiver, only a low bandwidth receiver is used in the setup, which is 
also 12 GHz as in the last section. Only one branch of Mach–Zehnder interferometer is 
detected. By using this simple setup, the expensive and complex balanced receiver is 
removed; while the performance of CD monitoring is still good enough.  
 
Fig. 5.12 Delay taped sampling system setup for CD monitoring based on single low 
bandwidth receiver. SMF: single mode fiber; MZI: Mach–Zehnder interferometer; PD: 
photo-detector; GND: ground. 
5.3.1 Simulation results based on one low bandwidth receiver 
After building the setup in VPITransmissionMaker 7.6, the delay tap sampling plot is 
obtained under different chromatic dispersions. It is obviously that the delay tap plots 
have almost the same character as that using balanced receiver. Inner ring radius of the 
delay tap sampling plot decreases as the increase of CD, as shown in Fig. 5.13. The main 
difference from plots of balanced receiver is that the delay tap plot of low bandwidth 
photo-detector is not a perfect ellipse. It looks like a half ellipse, because only one branch 
information of Mach–Zehnder interferometer is detected. But the plots still have the same 
trend as that using balanced receiver. The simulation and experiment results show that the 
proposed system has good CD monitoring performance by replacing the balanced 
receiver with a single low bandwidth detector.  
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Fig. 5.13 Delay-tap sampling plots with different values of CD when using one low 
bandwidth single detector. 
 
After obtaining the delay tap sampling plots, the amplitude ratio can be measured 
to get the relationship between chromatic dispersion and amplitude ratio, which is defined 
in Fig. 5.13 (d). The inner ring radius along y=-x is chosen to be L2; the outer ring radius 
along y=x is chosen to be L1. The amplitude ratio   is defined as L2/L1.  
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Fig. 5.14 Relationship between CD and amplitude ratio. 
 
The relationship between CD and amplitude ratio  is shown in Fig. 5.14. The 
amplitude ratio changes from 0.55 to 0.87. It has a linear relationship with CD, which 
proves the good CD measurement ability. In the next section, experiment results of using 
a same bandwidth receiver will be introduced to compare with the simulation results. 
5.3.2 Experiment results of using a single low bandwidth receiver 
Fig. 5.15 shows experiments results of delay-lay tap sampling plots of 50-Gbit/s RZ-
QPSK at different chromatic dispersion values. The amplitude ratio  is defined as the 
same as that in the simulation, shown in Fig. 5.13. It is noted that the delay-tap sampling 
plots of experiment results have a 180 degree shift along y=x. That is because the 




Fig. 5.15 Delay-tap sampling plots of experiment results. 
 
After calculating the amplitude ratio of all the different CD values, the 
comparison between experiment and simulation results is shown in Fig. 5.16. The 
absolutely value of amplitude ratio between experiment results and simulation results is 
almost the same and both of them have a good linear slope. The slopes of experiment and 
simulation results are -0.00226 and -0.00243, respectively, which proves the 
measurement consistent of the method that using one single low bandwidth receiver. To 
be noted, a 12-GHz low band-pass filter is used in the experiment to realize the low 
bandwidth receiver. And the actual bandwidth of this 12-GHz low band-pass filter may 
be not exactly the same as 12 GHz. The bandwidth used in the simulation may need to do 
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some calibration to match the absolutely value of experiment. 
 
Fig. 5.16 Relationship between chromatic dispersion and amplitude ratio of experiment 
and simulation results. 
5.3.3 Comparison between high bandwidth receiver and our method 
 
Fig. 5.17 Delay taped sampling system setup based on single high bandwidth photo-
detector. 
 
In order to illustrate the improvement by using low bandwidth receiver, the simulation 
and experiment results of using 40-GHz receiver is illustrated in this section. The signal 
to have CD monitoring is still the 50-Gbit/s RZ-QPSK signals, as shown in Fig. 5.17. By 
illustrating the delay-tap sampling plots in the following sections, the limitation of using 











CD measurement sensitivity, but also limits measurement range. 
5.3.3.1 Simulation results of CD monitoring scheme using one 40-GHz bandwidth 
receiver 
As shown in Fig. 5.18, delay-tap sampling plots with different values of CD are 
simulated by using different lengths of SMF. CD values are chosen to be the same as 
previous simulation and experiment setups. It is found that the shapes of plots look like 
triangle, and the longest side of these triangles start bending as the increase of CD. 
However, this bending will stop when the CD is larger than 50 ps/nm. In other words, 
although the delay-tap sampling plots are clear and measurable, the effect of CD cannot 
be easily distinguished any more. Therefore, the CD measurement range is limited.  
 
Fig. 5.18 Delay tap sampling plots of 40-GHz receiver. 
5.3.3.2 Experiment results of CD monitoring scheme using one 40-GHz bandwidth 
receiver 
Fig. 5.19 shows the delay-tap sampling plots of experiment results with different values 
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of CD. It is found that the shapes of plots are consistent with simulation results, which 
also look like triangles. However, the bending of the longest side of these triangles do not 
have significant change, which means the amplitude ratio chosen in simulation cannot be 
used in the experiment results. Moreover, the plots of experiment results do not have 
significant change as the increase of CD. Therefore, an amplitude ratio cannot be chosen 
to have the relationship with CD when a high bandwidth receiver is used. In other words, 
the CD monitoring performance is not that good, although high cost receiver is used. 
After comparing all these results, our method based on a single low bandwidth receiver 
proves to be a practical and good performance CD monitoring technique. 
 





In this chapter, a residual CD monitoring method by using amplitude ratio of 
asynchronous delay-tap sampling plot with low bandwidth receiver is demonstrated. Low 
bandwidth balanced receiver and single low bandwidth detector methods are introduced 
to increase CD measurement range. The simulation and experiment results of using one 
single detector have advantage of low cost and simplicity. Both simulation and 
experiment results show that the proposed method is efficient on CD measurement with 
large measurement range in 50-Gbit/s RZ-QPSK systems. Moreover, the measurement 
results are not affected by received optical power. It is a simple and cost effective CD 





Conclusions and Future Works 
 
In the thesis, several advanced measurement techniques have been studied in optical 
communication and fiber sensor systems. This chapter will conclude the main 
contribution of this thesis and introduce the future works of these measurement 
techniques. 
6.1 Conclusions 
In this thesis several advanced measurement techniques in optical transmission and 
sensor systems have been proposed. Firstly, three pulse generation methods based on Q-
switched SWNTs fiber laser is proposed and introduced. The insertion loss of SWNTs in 
the fiber laser system has been reduced from 3 dB to 0.7 dB by using our special method. 
A tunable C+L band wavelength Q-switched fiber laser is generated, which has the 
 105
tunable wavelength range from 1537.288 nm to 1605.186 nm. And a linear cavity tunable 
wavelength Q-switched SWNTs fiber laser is also demonstrated. Finally, one FBG linear 
cavity fiber laser (110-cm) is proposed and compared.  
In chapter 3, a high sensitivity low power autocorrelator is proposed based on 
DOP measurement. The effect of chirp factor and mismatching angle is studied in 
simulation. It is found that the chirp factor has big effect on the pulse width measurement; 
while the mismatching angle has small effect on the pulse measurement. From the study 
of chirp factor, it is found that our method can be used to measure the pulse train chirp 
factor. Due to the limitation of the experiment components, however, experiments have 
not been done to prove this idea. Moreover, our method based on DOP measurement has 
a large improvement on the pulsed laser power tolerance. The sensitivity of our method is 
increased to 10-20 W2, compared with10-7 W2 of SHG autocorrelator. 
In chapter 4, a novel 150-km multi-point long distance FBG temperature and 
vibration fiber sensing system is demonstrated based on stimulated Raman amplification 
and erbium doped fibers. The whole 150-km system is obtained by splicing the SMF and 
EDF together, and using a Raman laser at 1395 nm and a low power laser at 1480 nm. It 
is an all fiber long distance sensor system without any electrical components along this 
150-km fiber. The accuracy of the temperature sensor is about 1 oC. And the vibration 
measurement range is 1 Hz to 1000 Hz.  
In chapter 5, a CD monitoring method based on low bandwidth receiver delay-tap 
sampling method is demonstrated. Balanced receiver with low pass filter and single low 
bandwidth receiver are used to compare to the traditional delay-tap sampling methods 
that use high bandwidth receiver. The consistent between simulation and experiment 
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results prove that our proposed method not only provide larger measurement range, but 
also reduce the cost of the system.  
6.2 Future Works 
Although several measurement techniques in optical fiber sensor and communication 
system are introduced in this thesis, there are still many improvements space on these 
techniques. Based on the works that have been done, following topics are valuable for 
future studies. 
6.2.1 Improvement on autocorrelator based on DOP measurement 
A low power autocorrelator based on DOP measurement is proposed in this thesis. 
However, because a PMD emulator achieves the tunable DGD, the measurement time of 
this method are longer compared with the conventional autocorrelator based on SHG. In 
the future, an intelligent program can be designed to improve the sweeping speed of the 
DGD component to get a fast measurement speed.  
Secondly, since the chirp factor effect on our proposed autocorrelator is only 
simulated, the experiment should be done in the future to prove our ideas. By using 
different length of DCF or SMF, the positive and negative chirp factor can be applied on 
the pulse trains in the experiment. By using this method in the experiment, our 
autocorrelator can be proved whether it can be used to measure the chirp factor if we 
already know the original pulse width. 
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6.2.2 Improvement on the long distance FBG sensor system. 
A 150-km long distance FBG sensor system is demonstrated in this thesis. Two pieces of 
5.4 m EDF are chosen to generate the ASE along the transmission. However, the lengths 
of these EDF may not be the optimum values. In addition, these two pieces of EDF are 
placed at the point of 50 km and 75 km, which are chosen by only trying several options 
in the experiment. However, these two points may not be the optimum location to 
generate maximum power of ASE. In the future, numerical simulations of Raman 
scattering and Erbium doped fiber amplification should be done to optimize the point and 
length of EDF to generate maximum power of ASE. In order to get the optimal values, 
every parameter of the EDF and SMF should be measured and imported to the simulation 
program. The Raman scattering progress along the fiber should also be studied to 
increase the power conversion efficiency from 1395 nm to 1480 nm.   
6.2.3 Improvement on CD monitoring system based on low bandwidth 
delay tap sampling method. 
By using delay tap sampling method with low bandwidth receiver, a low cost and 
large measurement range CD monitoring system is proposed. Moreover, we also find that 
the sign of the CD can also be distinguished if the character of low band-pass filter is 
changed, such as the shape, order and bandwidth of the filter. For example, after 
changing the low band-pass filter into a 3-order Bessel filter, the delay tap sampling plots 
can tell the sign of the CD, as shown in Fig. 6.1.  
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(a)                                                       (b) 
Fig. 6.1 Delay tap sampling plots when using the 3-order Bessel low band pass filter, (a) 
when CD is 120 ps/nm and (b) when CD is -120 ps/nm. 
 
Form the above graphs, it is found that the inner ring is no longer a perfect ellipse; 
it has a direction after using the 3-order Bessel filter. And this direction can tell the sign 
of the CD. It is obvious that the ellipse direction of Fig. 6.1 (a) is facing right while the 
direction of Fig. 6.1 (b) is facing left. And because of the limitation of experiment, 4-
order Bessel filter is only used in our previous experiment. The sign of CD have not been 
proved by using different filter shape receiver. We should note that our method could 
double the CD monitoring range if it can distinguish the sign of CD. 
In the future, low bandwidth receiver with different filter shape and order should 
be simulated and confirmed by experiment results to get the best bandwidth and filter 
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